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INTRODUCTION 


The Microprocessors course is designed to teach you the fundamentals 
of the microprocessor unit (MPU), or as it is also known, the central 
processor unit (CPU). This is the decision maker, or brain, of the com- 
puter. Like the brain in your body, the MPU needs support from many 
peripheral devices to maintain the system. Because of that interrelation- 
ship, a course on microprocessors is not complete without a through 
discussion of how the MPU interfaces to its support devices and the 
outside world. To that end, we will show you how the MPU is struc- 
tured, how you communicate with the MPU (its language), and how 
the MPU communicates with you and the system under its control. 


The course is arranged into two broad topics or sections: microproces- 
sor theory and programming, and microprocessor interfacing. The first 
topic is covered in the textbook set “Book 1” and “Book 2.” In addition 
to the text material, these books contain related “programming experi- 
ments” and an appendix with a description of the complete 6800/6808 
microprocessor instruction set. The second topic is covered in the “Stu- 
dent Workbook.” In addition to interfacing theory, this textbook con- 
tains related “interfacing experiments” and an appendix with data 
sheets for all of the more complex IC’s such as the 6800/6808 MPU. 


Microprocessors communicate with numbers. They use the simplest 
number system, binary, to process data. Then, depending on the com- 
puter, they use the octal, decimal, or hexadecimal number systems, 
and several of codes to communicate with man. The first unit in this 
course will describe the most common number systems and codes used 
by computers. Once you have built a foundation in number systems 
(microprocessor/computer communication), we will introduce you to 
the basic elements of a microprocessor in Unit 2. This is followed by 
a unit on computer arithmetic, to show you how a microprocessor ma- 
nipulates a number system. The fourth unit introduces you to program- 
ming the computer. The last two units in the first section of the course 
expand on the theory of microprocessors and relate it specifically to 
the 6800 family of microprocessors. 


The second section of the course contains two units on interfacing. 
The first describes interfacing fundamentals; including 3-state logic, 
all of the interface pins on the 6800 and 6808 microprocessor, and 
instruction timing. It also describes memory and display interfacing. 
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The second unit deals with interfacing with switches and the Peripheral 
Interface Adapter. Keep in mind that after you interface either the 6800 
or 6808 MPU you, still have to program its operation. Therefore, you 
must complete the first section of the course on theory and program- 
ming before you attempt to interface the MPU. 


There are two trainers that can be used with this course. One has the 
model number ET-3400, while the other has the model number 
ET-3400A. You can think of them as first and second generation train- 
ers. The older ET-3400 trainer uses the 6800 MPU and has up to 512 
bytes of memory. The ET-3400A uses the 6808 MPU and has 1024 
bytes of memory. Both trainers operate in essentially the same manner. 
Any differences are fully explained in the experiments. 


One final point about the 6800 MPU and the 6808 MPU. Both devices 
are essentially the same. The 6800 MPU uses an external clock while 
the 6808 MPU has an internal clock. Both microprocessors respond 
to the same instruction set, and operate in essentially the same manner. 
Any differences are hardware related and they are fully explained in 
the interfacing section. If any of the terms used in this introduction 
are unfamiliar, don’t worry, each will be described in detail in the 
course. 


A special programming card is included at the end of “Book 1.” It 
has a perforated edge so that you can easily remove it from the textbook. 
The card contains all of the data needed to program a 6800 or 6808 
MPU. You will find the card very helpful when you begin writing pro- 
grams. 
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How to Use this Course 


You will find two types of objectives in this course. Broad “Course 
Objectives” are listed after this Introduction. They give a general over- 
view of the goals of the course. More specific “Unit Objectives” are 
listed near the front of each unit. They tell you exactly what you will 
be able to do as a result of studying that unit. This lets you maintain 
a constant check of your progress through the course. 


Each unit is divided into sections. A “Self-Test Review” is included 
at the end of each section. This gives you an opportunity to evaluate 
your progress and pinpoint any areas that need review. 


At the end of each unit, you will be directed to an experiment. The 
“Programming Experiments” are located after Unit 6, in “Book 2,” while 
the “Interfacing Experiments” are located after Unit 8, in the “Student 
Workbook.” 


The “Unit Examinations” for Units 1 through 6 are located after the 
“Programming Experiments,” while those for Units 7 and 8 are located 
after the “Interfacing Experiments.” Your instructor has the answers. 


COURSE OBJECTIVES 


When you have completed this course, you will be able to: 


1. 


Program a representative microprocessor. 


Interface a representative microprocessor with the “outside 
world.” 


Describe the internal register structure of the 6800 and 6808 
microprocessors. 


Develop a program flowchart to define a problem. 


Input and output data through a Peripheral Interface Adapter 
(PIA). 


Unit 1 


NUMBER SYSTEMS AND CODES 
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INTRODUCTION 


The purpose of this first unit on microprocessors is to give you a firm 
foundation in number systems and codes. Binary numbers and codes are 
the basic language of all microprocessors. Octal and hexadecimal num- 
bers allow easy manipulation of binary numbers and data. Thus, a good 
foundation in numbers and codes is essential to understanding micro- 
processors. 


This unit will reacquaint you with the decimal number system, then 
expand the basic concept of numbers to the binary, octal, and hexadeci- 
mal systems. Understanding these systems fully will help you under- 
stand the many digital codes used with microprocessors. Although this 
unit can only give you a working knowledge of numbers and codes, you 
will become more proficient with them as you proceed through the units 
that follow. 


A listing of number system tables has been provided at the end of 
this unit. 


Examine the Unit Objectives listed in the next section to see what you 
will learn in this unit. 
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UNIT OBJECTIVES 


When you complete this unit you will have the following knowledge and 
capabilities: 


1. Given any decimal number, you will be able to convert it into its 
binary, octal, hexadecimal, and BCD equivalent. 


2: Given any binary number, you will be able to convert it into its 
decimal, octal, hexadecimal, and BCD equivalent. 


SB Given any octal number, you will be able to convert it into its 
decimal and binary equivalent. 


4. Given any hexadecimal number, you will be able to convert it into 
its decimal and binary equivalent. 


5. Given any BCD code, you will be able to convert it into its decimal 
and binary equivalent. 


6. Given a list of popular digital codes, you will be able to read and 
identify them including pure binary, natural 8421 BCD, Gray, AS- 
CII, and BAUDOT. 


7. You will be able to convert a letter or number into its ASCII binary 
code, and convert an ASCII binary code into its letter or number 
equivalent. 

8. You will be able to define the following terms: 

Radix BCD 

Integer Gray Code 

Decimal ASCII 

Binary BAUDOT 

Octal Most Significant Bit (MSB) 
Hexadecimal Least Significant Bit (LSB) 
Bit Most Significant Digit (MSD) 


Parity Least Significant Digit (LSD) 
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DECIMAL NUMBER SYSTEM 


The number system we are all familiar with is the decimal number 
system. This system was originally devised by Hindu mathematicians in 
India about 400 A.D. The'Arabs began to use the system about 800 A.D., 
where it became known as the Arabic Number System. After it was 
introduced to the European community about 1200 A.D., the system soon 
acquired the title ‘‘decimal number system.” 


A basic distinguishing feature of a number system is its base or radix. The 
base indicates the number of characters or digits used to represent quan- 
tities in that number system. The decimal number system has a base or 
radix of 10 because we use the ten digits 0 through 9 to represent 
quantities. When a number system is used where the base is not known, a 
subscript is used to show the base. For example, the number 4603, is 
derived from a number system with a base of 10. 


Positional Notation The decimal number system is positional or 
weighted. This means each digit position in a number carries a particular 
weight which determines the magnitude of that number. Each position 
has a weight determined by some power of the number system base, in 
this case 10. The positional weights are 10° (units)*, 10! (tens), 10? 
(hundreds), etc. Refer to Figure 1-1 for a condensed listing of powers of 
10. 


10° =1 

10' = 10 

10? = 100 

103 = 1,000 

10* = 10,000 

10° = 100,000 

10® = 1,000,000 
107 = 10,000,000 
108 = 100,000,000 


10° = 1,000,000,000 


Figure 1-1 
Condensed listing of powers of 10. 


*Any number with an exponent of zero is equal to one. 
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We evaluate the total quantity of a number by considering the specific 
digits and the weights of their positions. For example, the decimal 
number 4603 is written in the shorthand notation with which we are all 
familiar. This number can also be expressed with positional notation. 


(4 x 103) + (6 x 107) + (O x 10') + (3 x 10% = 
(4 x 1000) + (6 X 100) + (0 x 10) + (3 x 1) = 
4000 + 600 + 0 + 3 = 4603,, 


To determine the value of a number, multiply each digit by the weight of 
its position and add the results. 


Fractional Numbers So far, only integer or whole numbers have been 
discussed. An integer is any of the natural numbers, the negatives of these 
numbers, or zero (that is, 0, 1, 4, 7, etc.). Thus, an integer represents a 
whole or complete number. But, it is often necessary to express quantities 
in terms of fractional parts of a whole number. 


Decimal fractions are numbers whose positions have weights that are 
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negative powers of ten suc 0 10 0.1, 40 100 
= 0.01, etc. 
Figure 1-2 provides a condensed listing of negative powers of 10 (decimal 
fractions). 
1 
10°! = = 
rT 0.1 
1 
107? 6 —___. =_ 
100 0.01 
10°? = ote = 0.001 
1000 : 
1 i Z 
10-7 = ——_ = 0.0001 ee 
10,000 Condensed listing of negative 
powers of 10, 
1 
10°° = —W—— = 90,00001 
100,000 
1 
10° = = 0.000001 


1,000,000 


i 
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A radix point (decimal point for base 10 numbers) separates the integer 
and fractional parts of a number. The integer or whole portion is to the 
left of the decimal point and has positional weights of units, tens, hun- 
dreds, etc. The fractional part of the number is to the right of the decimal 
point and has positional weights of tenths, hundredths, thousandths, etc. 
To illustrate this, the decimal number 278.94 can be written with posi- 
tional notation as shown below. 


(2 x 102) + (7 x 10‘) + (8 x 10°) + (9 x 107') + (4 x 1077) = 
(2 x 100) + (7 x 10) + (8 x 1) + (9 x 1/10) + {4 x 1/100) = 
200 + 70 + 8 + 0.9 + 0.04 = 278.9415 


In this example, the left-most digit (2 x 10?) is the most significant digit 
or MSD because it carries the greatest weight in determining the value of 
the number. The right-most digit, called the least significant digit or LSD, 
has the lowest weight in determining the value of the number. Therefore, 
as the term implies, the MSD is the digit that will affect the greatest 
change when its value is altered. The LSD has the smallest effect on the 
complete number value. 
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Self-Test Review 


1. The indicates the number of characters or digits in a 
number system. 


2. In the decimal number system, the base or radix is 
a. Write the following numbers using positional notation. 
A. 45631 
B. 26.3249 
C. 536.949 
4. In the decimal number system, the radix point is called the 
5. Convert the following positional notations into their shorthand 


decimal! form. 


A. (5 X 10') + (2 x 10°) + (3 x 107!) + (8 x 1077) 
B. (4 x 107") + (5 x 1072) + (2 x 1074) 
C. (3 x 103) + (7 x 102) + (1 x 10') + (0 x 10°) 


6. Theradix point separates the ______ and ______ parts ofa 
number. 
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Answers 
1. base or radix. 
2. 10. 


3. A. 4563, = 4000 + 500 + 60 + 3. 
= (4 x 10°) + (5 x 10?) + (6 x 10") + (3 x 10°) 
B. (2 x 10") + (6 x 10°) + (3 x 107") + (2 x 107%) 
C. (5 x 107) + (3 x 10') + (6 x 10°) + (9 x 1074 


4. decimal point. 


5. A. (5 X 10!) + (2 xX 10°) + (3 x 107") + (8 x 107%) = 
(5 x 10) + (2 x 1) + (3 x 1/10) + (8 x 1/100) = 
50 + 2+ 0.3 + 0.08 = 52.38, 
B. 0.46249 
C 3:711075 


6. integer or whole, fractional. 
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BINARY NUMBER SYSTEM 


The simplest number system that uses positional notation is the binary 
number system. As the name implies, a binary system contains only two 
elements or states. In a number system this is expressed as a base of 2, 
using the digits 0 and 1. These two digits have the same basic value as 0 
and 1 in the decimal number system. 


Because of its simplicity, microprocessors use the binary number system 
to manipulate data. Binary data is represented by binary digits called bits. 
The term bit is derived from the contraction of binary digit. Microproces- 
sors operate on groups of bits which are referred to as words. The binary 
number 11101101 contains eight bits. 


Positional Notation 


As with the decimal number system, each bit (digit) position of a binary 
number carries a particular weight which determines the magnitude of 
that number. The weight of each position is determined by some power of 
the number system base (in this example 2). To evaluate the total quantity 
of anumber, consider the specific bits and the weights of their positions. 
(Refer to Figure 1-3 for a condensed listing of powers of 2.) For example, 
the binary number 110101 can be written with positional notation as 
follows: 


(1 x 25) + (1 x 24) + (O x 23) + (1 x 27) + (O X 2') + (1 X 29) 


To determine the decimal value of the binary number 110101, multiply 
each bit by its positional weight and add the results. 


(1 x 32) + (1 x16) + (0 x 8) + (1x 4) + (0x 2)4+(1 X I= 
32+16+0+4+04¢ 1 = 534 


2° = "45 2° = 64,, 

S95, 27 = 1284) 

2? = 4,, 2® = 2564 

23 = Bio 2° = 51249 

24 = 161 210 = 1024,, 

25 = 321 21! = 204819 
Figure 1-3 


Condensed listing of powers of 2. 
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Fractional binary numbers are expressed as negative powers of 2. Figure 
1-4 provides a condensed listing of negative powers of 2. In positional 
notation, the binary number 0.1101 can be expressed as follows: 


(1 x 27') + (1 X 277) + (0 x 273) + (1 x 274) 


To determine the decimal value of the binary number 0.1101, multiply 
each bit by its positional weight and add the results. 


(1 x 1/2) + (1 x 1/4) + (O x 1/8) + (1 x 1/16) = 
0.5 + 0.25 + 0 + 0.0625 = 0.8125, 


In the binary number system, the radix point is called the binary point. 


27) Ce = 2. 0.515 

22 = _ = 0.251 

23... = = 0.1251 

a = = 0.062515 

7 = = 0.03125, 

26 = Sr = 0.015625, 

27 = ar = 0.0078125,, 

2s = ae = 0.00390625,5 
Figure 1-4 


Condensed listing of negative 
powers of 2. 
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Converting Between the Binary and Decimal 
Number Systems 


In working with microprocessors, you will often need to determine the 
decimal value of binary numbers. In addition, you will find it necessary 
to convert a specific decimal number into its binary equivalent. The 
following information shows how such conversions are accomplished. 


Binary to Decimal Toconvert a binary number into its decimal equiva- 
lent, add together the weights of the positions in the number where 


binary 1’s occur. The weights of the integer and fractional positions are 
indicated below. 


INTEGER FRACTIONAL 
f 27 [26] 25 | 24 | 23 | 227 21 | 29) 
ee | -5 | .25].125] § 


Binary Point 






As an example, convert the binary number 1010 into its decimal equiva- 
lent. Since no binary point is shown, the number is assumed to be an 
integer number, where the binary point is to the right of the number. The 
right-most bit, called the least significant bit or LSB, has the lowest 
integer weight of 2° =1. The left-most bit is the most significant bit (MSB) 
because it carries the greatest weight in determining the value of the 
number. In this example, it has a weight of 28 = 8. To evaluate the 
number, add together the weights of the positions where binary 1’s 
appear. In this example, 1’s occur in the 23 and 2! positions. The decimal 
equivalent is ten. 


Binary Number 1 0 1 0) 
Position Weights 2? 2 ot 2 
Decimal Equivalent 
8 +0 + 2 + 0 = 104 


To further illustrate this process, convert the binary number 101101.11 
into its decimal equivalent. 


Binary Number 1 0 1 1 0 2 ¢ a 
Position Weights 2524 23 2? 2! 2 2 2 
Decimal Equivalent 
32+ 0 +8 +4 +0 +1 + «5S + 25 = 45.751 
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Decimal to Binary A decimal integer number can be converted to a 
different base or radix through successive divisions by the desired base. 
To convert a decimal integer number to its binary equivalent, succes- 
sively divide the number by 2 and note the remainders. When you divide 
by 2, the remainder will always be 1 or 0. 


The remainders form the equivalent binary number. 


As an example, the decimal number 25 is converted into its binary 


equivalent. 
25 +2=12 withremainder 1 <— ISB 
12+2=6 0 
6+2=3 0 
3+2=1 1 
1+2=0 1 — MSB 


Divide the decimal number by 2 and note the remainder. Then divide the 
quotient by 2 and again note the remainder. Then divide the quotient by 2 
and again note the remainder. Continue this division process until 0 
results. Then collect remainders beginning with the last or most signifi- 
cant bit (MSB) and proceed to the first or least significant bit (LSB). The 
number 11001, = 25,9. Notice that the remainders are collected in the 
reverse order. That is, the first remainder becomes the least significant 
bit, while the last remainder becomes the most significant bit. 


NOTE: Do not attempt to use a calculator to perform this conversion. It 
would only supply you with confusing results. 


To further illustrate this, the decimal number 175 is converted into its 
binary equivalent. 


175 + 2 = 87 with remainder 1 «— LSB 
87 +2 = 43 1 
43 +2=21 1 
21+2= 410 1 
10+2=5 0 
5+2=2 1 
2+2=1 0 
1+2=0 1 ~<—- MSB 


The division process continues until 0 results. The remainders are col- 
lected to produce the number 101011112 = 175y9. 
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To convert a decimal fraction to a different base or radix, multiply the 
fraction successively by the desired base and record any integers pro- 
duced by the multiplication as an overflow. For example, to convert the 
decimal fraction 0.3125 into its binary equivalent, multiply repeatedly by 
2. 


0.3125 X 2 = 0.625 = 0.625 with overflow 0 -<— MSB 
0.6250 X 2 = 1.250 = 0.250 1 
0.2500 X 2 = 0.500 = 0.500 0 
0.5000 x 2 = 1.000 = 0 1 + LSB 


These multiplications will result in numbers with a 1 or U in the units 
position (the position to the left of the decimal point). By recording the 
value of the units position, you can construct the equivalent binary 
fraction. This units position value is called the “‘overflow.”’ Therefore, 
when 0.3125 is multiplied by 2, the overflow is 0. This becomes the most 
significant bit {MSB) of the binary equivalent fraction. Then 0.625 is 
multiplied by 2. Sincethe product is 1.25, the overflow is 1. When there is 
an overflow of 1, it is effectively subtracted from the product when the 
value is recorded. Therefore, only 0.25 is multiplied by 2 in the next 
multiplication process. This method continues until an overflow with no 
fraction results. It is important to note that you can not always obtain 0 
when you multiply by 2. Therefore, you should only continue the conver- 
sion process to the accuracy or precision you desire. Collect the conver- 
sion overflows beginning at the radix (binary) point with the MSB and 
proceed to the LSB. This is the same order in which the overflows were 
produced. The number 0.0101, = 0.31254). 


To further illustrate this process, the decimal fraction 0.90625 is con- 
verted into its binary equivalent. 


0.90625 x 2 = 1.8125 0.8125 with overflow 1 ~~ MSB 


0.81250 kK 2 = 1.6250 = 0.6250 1 
0.62500 X 2 = 1.2500 = 0.2500 1 
0.25000 x 2 = 0.5000 = 0.5000 0 
0.50000 x 2 = 1.0000 = O 1 ~+— LSB 


The multiplication process continues until either 0 or the desired preci- 
sion is obtained. The overflows are then collected beginning with the 
MSB at the binary (radix) point and proceeding to the LSB. The number 
0.11101, = 0.90625,,. 


1214 lipene 


a 


If the decimal number contains both an integer and fraction, you must 
separate the integer and fraction using the decimal point as the break 
point. Then perform the appropriate conversion process on each number 
portion. After you convert the binary integer and binary fraction, recom- 
bine them. For example, the decimal number 14.375 is converted into its 


binary equivalent. 


14.37519 = 1449 + 0.37549 


14+2=7 

7+2=3 

3+2=1 

1+2=0 

145— 4110: 

0.375 X 2 = 0.75 = 0.75 


0.750 X 2 = 1.50 = 0.50 
0.500 x 2 = 1.00 = 0 


O87 5ig = 00 Gls 


U 
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with remainder 9 ~— 


with overflow 


1 
1 
1 


i 


LSB 


MSB 


MSB 


LSB 


14.3751) = 144) + 0.375,) = 1210, + 0.011, = 1110.011,. 
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Self-Test Review 


he The base or radix of the binary number system is 


8. A binary digit is called a 


9. Convert the following binary integers to decimal. 
A. 101101 
B. 1001 
Cc. 1101100 


10. Convert the following binary fractions to decimal. 


A. 0.011 
B. 0.01101 
C. 0.1001 


11. Convert the following decimal integers to binary. 


A. 63 
B. 12 
C. 132 


12. Convert the following decimal fractions to binary. 


A. 0.4375 
B. 0.96875 
C. 0.625 


13. Convert 13.125,, to binary. 


1-16 figment ee «asec 


Answers 

Fi 2 

8. bit 

9. A. 101101, = 


10. 


11. 


1 


Op 


{1 x 25) + (O x 24) + (1 x 23) + (1 X 2?) + (0 X 2') + (1X 2°) = 
32+O0+8+4+04+1 = 455, 

1001, = 9» 

1101100, = 108, 


0.011, = (0 x 27) + (1 x 27%) + (1 x 2°) = 

0+ 1 + 2 = 0 +025+0125= 0.375 
4 8 . . . to 

0.01101, = 0.40625,, 


0.1001, = 0.56251 


63 +2 = 31 with remainder 1 — LSB 
31+2=15 1 
15+2=7 1 

7+2=3 1 

3+2=1 1 

1+2=0 1 +> MSB 
63¢ = 111011, 
12,9 = 1100, 


132,95 = 10000100, 
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12. A. 0.4375 x 2 = 0.875 = 0.875 with overflow 0O ~— MSB 


0.8750 x 2 = 1.750 = 0.750 1 
0.7500 X 2 = 1.500 = 0.500 1 
0.5000 x 2 = 1.000 = 0 1 —- LSB 


0.437515 = 0.0111, 


B. 0.96875, = 0.11111, 
C. 0.6254) = 0.101, 


13. 13.12549 = 1349 + 0.12540 


13 +2=6 withremainder 1 =< LSB 
6+2=3 0 
37+#2=1 1 
1+2=0 1 ~|—- MSB 
13,9 = 1101, 
0.125 X 2=0.25=0.25 withoverflow 0 < MSB 
0.250 x 2 = 0.50 = 0.50 0 
0.500 X 2 = 1.00 = 0 1 ~~ LSB 


0.1254) = 0.001, 


13.12549 = 13,9 + 0.1254 = 1101, + 0.001, = 1101.001, 
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OCTAL NUMBER SYSTEM 


Octal is another number system that is often used with microprocessors. 
It has a base (radix) of 8, and uses the digits 0 through 7. These eight digits 
have the same basic value as the digits 0—7 in the decimal number 
system. 


As with the binary number system, each digit position of an octal number 
carries a positional weight which determines the magnitude of that 
number. The weight of each position is determined by some power of the 
number system base ( in this example, 8). To evaluate the total quantity of 
a number, consider the specific digits and the weights of their positions. 
Refer to Figure 1-5 for a condensed listing of powers of 8. For example, 
the octal number 372.01 can be written with positional notation as fol- 
lows: 


(3 x 8) + (7 X 8!) + (2 x 8) + (0 x 87!) + (1 x8°%) 


The decimal value of the octal number 372.01 is determined by multiply- 
ing each digit by its positional weight and adding the results. As with 
decimal and binary numbers, the radix (octal) point separates the integer 
from the fractional part of the number. 


(3 x64) + (7 x 8) + (2 x 1) + (0 X 0.125) + (1 x 0.015625)= 
192 + 56 + 2 + 0 + 0.015625 = 250.015625,, 


1 











4 = —— = 0.000244140625 
8 4096 0.00 10 
a 
—3 = = 8 2 
8 512 0.001953125 4, 
8? = = = 0.0156254, 
8 = ; = 0.1254 
110 = 8° 
810 = 8} 
64, = 8? 
512, = 89 
4096,, = 8* 
32768, = 8° 


2621441) = 8° 


Figure 1-5 
Condensed listing of powers of 8. 
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Conversion From Decimal to Octal 


Decimal to octal conversion is accomplished in the same manner as 
decimal to binary, with one exception; the base number is now 8 rather 
than 2. As an example, the decimal number 194 is converted into its octal 


equivalent. 
194 + 8 = 24with remainder 2 ~~ LSD 
24+8=3 0 
3+8=0 3 —~— MSD 


Divide the decima) number by 8 and note the remainder. (The remainder 
can be any number from 0 to 7.) 


Then divide the quotient by 8 and again note the remainder. Continue 
dividing until 0 results. Finally, collect the remainders beginning with 
the last or most significant digit (MSD) and proceed to the first or least 
significant digit (LSD). The number 302, = 194, . Figure 1-6 illustrates 
the relationship between the first several decimal, octal, and binary 


integers. 
DECIMAL OCTAL BINARY 







































0 0 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 10 

9 11 Figure 1-6 

10 12 Sample comparison of decimal, 
11 13 octal, and binary integers. 
12 14 

13 15 

14 16 

15 17 

16 20 

17 21 

18 22 

19 23 


nN 
oO 
dS 
Ps 
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To further illustrate this process, the decimal number 175 is converted 
into its octal equivalent. 


175 + 8 = 21 with remainder 7 ~—- LSD 
21+8=2 5 
2+8=0 2 — MSD 


The division process continues until a quotient of 0 results. The remain- 
ders are collected, producing the number 257, = 175 po. 


To convert a decimal fraction to an octal fraction, multiply the fraction 
successively by 8 (octal base). As an example, the decimal fraction 
0.46875 is converted into its octal equivalent. 


0.46875 x 8=3.75=0.75 with overflow 3 ~<—- MSD 
0.75000 x 8 = 6.00 = 0 6 ~~ LSD 


Multiply the decimal number by 8. If the product exceeds one, subtract 
the integer (overflow) from the product. Then multiply the product 
fraction by 8 and again note any ‘overflow.’ Continue multiplying until 
an overflow, with 0 fora fraction, results. Remember, you can not always 
obtain 0 when you multiply by 8. Therefore, you should only continue 
this conversion process to the accuracy or precision you desire. Collect 
the conversion overflows beginning at the radix (octal point) with the 
MSD and proceed to the LSD. The number 0.36, = 0.468754». Figure 1-7 
illustrates the relationship between decimal, octal, and binary fractions. 


Now, the decimal fraction 0.136 will be converted into its octal equiva- 
lent with four-place precision. 


0.136 X 8 = 1.088 = 0.088 with overflow 1 ~— MSD 
0.088 xX 8 = 0.704 = 0.704 0 
0.704 X 8 = 5.632 = 0.632 5 
0.632 x 8 = 5.056 = 0.056 5 —<— LSD 


0.136,) = 0.1055, 


The number 0.1055, approximately equals 0.1369. If you convert 0.1055. 
back to decimal (using positional notation), you will find 0.1055, = 
0.135986328125,). This example shows that extending the precision of 
your conversion is of little value unless extreme accuracy is required. 
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DECIMAL | OCTAL BINARY 
























































0.015625 0.000001 

0.03125 0.00001 

0.046875 0.000011 

0.0625 0.0001 

0.078125 0.000101 

0.09375 0.00011 

0.109375 0.000111 

0.125 0.001 

0.140625 0.001001 

0.15625 0.00101 

0.171875 0.001011 Figure 1-7 
0.1875 0.0011 Sample comparison of decimal. 
0.203125 0.001101 octal. and binary fractions. 
0.21875 0.00111 

0.234375 0,001111 

0.25 0.01 

0.265625 0.010001 

0.28125 0.01001 

0.296875 0.010011 


0.3125 0.0101 


As with decimal to binary conversion of a number that contains both an 
integer and fraction, decimal to octal conversion requires two operations. 
You must separate the integer from the fraction, then perform the appro- 
priate conversion on each number. After you convert them, you must 
recombine the octal integer and octal fraction. For example, convert the 
decimal number 124.78125 into its octal equivalent. 


124.781251) = 124) + 0.781254 


124 +8=15 withremainder 4 «_ LSD 
15+8=1 7 
1+8=0 1 «— MSD 


12419 = 1745 


0.78125 X 8 = 6.25 = 0.25 with overflow 6+ MSD 
0.25000 x 8= 2.00 =0 2~<- LSD 


0.781254) = 0.62, 


124.7812549 = 124,) + 0.78125,) = 174g + 0.62, = 174.62, 
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Converting Between the Octal and 
Binary Number Systems 


Microprocessors manipulate data using the binary number system. How- 
ever, when larger quantities are involved, the binary number system can 
become cumbersome. Therefore, other number systems are frequently 
used as a form of binary shorthand to speed-up and simplify data entry 
and display. The octal number system is one of the systems that is used in 
this manner. It is similar to the decimal number system, which makes it 
easier to understand numerical values. In addition, conversion between 
binary and octal is readily accomplished because of the value structure of 
octal, Figures 1-6 and 1-7 illustrate the relationship between octal and 
binary integers and fractions. 


As you know, three bits of a binary number exactly equal eight value 
combinations. Therefore, you can represent a 3-bit binary number witha 
1-digit octal number. 


101, = (1 x 2) + (0 xX 2) + (1 x 2) =4+0+1=5, 


Because of this relationship, converting binary to octa] is simple and 
straight forward. For example, binary number 101001 is converted into 
its octal equivalent. 


101001, 
REWRITE AS 
MSB LSB 
101 001” 

YIELDS 


51g 


Toconvert a binary number to octal, first separate the number into groups 
containing three bits, beginning with the least significant bit. Then 
convert each 3-bit group into its octal equivalent. This gives you an octal 
number equal in value to the binary number. 
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Binary fractions can also be converted to their octal equivalents using the 
same process, with one exception. The binary bits must be separated into 
groups of three beginning with the most significant bit. For example, the 
binary fraction 0.011101 is converted into its octal equivalent. 


0.011101, 
REWRITE AS 
MSB LSB 
Nes 101 
YIELDS 
0.35. 


Again, you must first separate the binary number into groups of three 
beginning at the radix (binary) point. Then convert each 3-bit group into 
its octal equivalent. 


To separate binary numbers into 3-bit groups when the number does not 
contain the necessary bits, add zeros to the number until the number can 
be separated into 3-bit groups. For example, binary number 
10010101.1011 is converted into its octal equivalent. 


10010101.1011, 
REWRITE AS 
MSB LSB 


010 010 101.101 100 
YIELDS 
225.54, 


As before, the integer part of the number is separated into 3-bit groups, 
beginning at the radix (binary) point. Note that the third group contains 
only two bits. However, a zero can be added to the group without chang- 
ing the value of the binary number. Next, the fractional part of the number 
is separated into 3-bit groups, beginning at the radix (binary) point. Note 
that the second group contains only one bit. By adding two zeros to the 
group, the group is complete with no change in the value of the binary 
number. 


NOTE: Whenever you add zeros toa binary integer, always place them to 
the left of the most significant bit. When you add zeros to a binary 
fraction, always place them to the right of the least significant bit. 


a 
W-24]unrove crocs 


After you have formed the 3-bit groups, convert each group into its octal 
equivalent. This gives you an octal number equal in value to the binary 
number. Now convert binary number 1101110.01 into its octal equiva- 
lent. 


1101110.01, 
REWRITE AS 
MSB LSB 


001 101 110.010 
YIELDS 
156.2, 


Separate the integer and fraction into 3-bit groups, adding zeros as 
necessary. Then convert each 3-bit group to octal. Never shift the radix 
(binary) point in order to form 3-bit groups. 


Converting octal to binary is just the opposite of the previous process. 
You simply convert each octal number into its 3-bit binary equivalent. 
For example, convert the octal number 75.3 into its binary equivalent. 


75.34 
YIELDS 
MSB 1.SB 
111 101.011 
REWRITE AS 


111101.011, 


The above example is a simple conversion. Now a more complex octal 
number (1752.714) will be converted to a binary number. 


1752.714, 
YIELDS 
MSB LSB 


001 111 101 010.111 001 100 
REWRITE AS 
1111101010.1110011, 


Again, each octal digit is converted into its 3-bit binary equivalent. 
However, in this example, there are two insignificant zeros in front of the 
MSB and after the LSB. Since these zeros have no value, they should be 
removed from the final result. 
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Self-Test Review 


14. The base or radix of the octal number system is 


15. Convert the following decimal integers to octal. 


A. 156 
B. 32 
C. 1785 


16. Convert the following decimal fractions to octal. Do not use greater 
than 4-place precision. 


A. 0.1432 
B. 0.8125 
C. 0.6832 


17. Convert 735.984375,, to octal. 
18. Convert the following binary numbers to octal. 
A. 10000111.01101 


B. 11101.0101 
C. 1001101.000001 


19. Convert the following octal numbers to binary. 
A. 372.61 


B. 11.001 
C. 3251.034 


V26untone icons 


Answers 
14. 8 
15. A. 156+ 8=19 withremainder 4 ~- LSD 
19+ 8 =2 3 
2+8=0 2 ~— MSD 
[156.0 = 2346] 
B. 3219 = 40, 
C. 17859 = 3371, 
16. A. 0.1432 X 8 = 1.1456 = 0.1456 overflow 1 ~~ MSD 
0.1456 x 8 = 1.1648 = 0.1648 1 
0.1648 X 8 = 1.3184 = 0.3184 1 
0.3184 X 8 = 2.5472 = 0.5472 2 —~ LSD 
[0.14321 = 0.11124} 
C. 0.6832,) = 0.5356, 
17. 735.984375y) = 73549 + 0.98437519 
= 735 +8 = 91 withremainder 7 ~- LSD 
91+ 8=11 3 
11+ 8 =1 3 
Ae Or 1 + MSD 
73519 = 1337, 
0.984375 * 8 = 7.875 = 0.875 overflow 
7 ~+ MSD 
0.875000 x 8 = 7.00 = 0 7 ~<« LSD 
fo.984375,, = 0.774 
735.9843751) = 73549 + 0.984375.) =1337, + 0.77, = 1337.77 
18. A. 10000111.01101, = 010 000 111.011 010, 
= 20792; 
B. 11101.0101, = 35.24, 
C. 1001101.000001, = 115.01, 
19. A. 372.61, = 011 111 010.110 001, = 11111010.110001,. 
B. 11.001, = 1001.000000001, 
C. 3251.034, = 11010101001.0000111, 
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HEXADECIMAL NUMBER SYSTEM 


Hexadecimal is another number system that is often used with micro- 
processors. It is similar in value structure to the octal number system, and 
thus allows easy conversion with the binary number system. Because of 
this feature and the fact that hexadecimal simplifies data entry and 
display to a greater degree than octal, you will use hexadecimal more 
often than any other number system in this course. As the name implies, 
hexadecimal has a base (radix) of 16. It uses the digits 0 through 9 and 
the letters A through F. 


The letters are used because it is necessary to represent 16, different 
values with a single digit for each value. Therefore, the letters A through 
F are used to represent the number values 10,) through 15,9. The follow- 
ing discussion will compare the decimal number system with the 
hexadecimal number system. 


All of the numbers are of equal value between systems (019 = 016, 310 = 316 
9,9 = 9,6, etc.). For numbers greater than 9, this relationship exists: 10, = 
Ave Vie = Baa tec Cerdew =D ite SE and-15\5 =F. Using 
letters in counting may appear awkward until you become familiar with 
the system. Figure 1-8 illustrates the relationship between decimal and 
hexadecimal integers, while Figure 1-9 illustrates the relationship be- 
tween decimal and hexadecimal fractions. 


a 
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1000 
1001 
1010 
1011 
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10000 
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10011 
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10101 
10110 
10111 
11000 
11001 
11010 
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11100 
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100000 
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100010 
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Figure 1-8 


Sample comparison of decimal, 


hexadecimal, and binary integers. 
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DECIMAL HEXADECIMAL BINARY 





0.00390625 





























0.125 



























0.0078125 0.0000001 
0.01171875 0.00000011 
0.015625 0.000001 
0.01953125 0.00000101 
0.0234375 0.0000011 
0.02734375 0.00000111 
0.03125 0.00001 
0.03515625 0.00001001 
0.0390625 0.0000101 
0.04296875 0.00001011 
0.046875 0.00011 
0.05078125 0.00001101 
0.0546875 0.0000111 
0.05859375 0.00001111 
0.0625 0.0001 
0.06640625 0.00010001 
0.0703125 0.0001001 
0.07421875 0.00010011 
0.078125 0.000101 
0.08203125 0.00010101 
0.0859375 0.0001011 
0.08984375 0.00010111 
0.09375 0.00011 
0.09765625 0.00011001 
0.1015625 0.0001101 
0.10546875 0.00011011 
0.109375 0.000111 
0.11328125 0.00011101 
0.1171875 0.0001111 
0.12109375 0.00011111 
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0.00000001 


















0.001 





Figure 1-9 


Sample comparison of decimal, 
hexadecimal, and binary fractions. 
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As with the previous number systems, each digit position of a hexadeci- 
mal number carries a positional weight which determines the magnitude 
of that number. The weight of each position is determined by some power 
of the number system base (in this example, 16,9). The total quantity of a 
number can be evaluated by considering the specific digits and the 
weights of their positions. (Refer to Figure 1-10 for a condensed listing of 
powers of 16,9.) For example, the hexadecimal number E5D7.A3 can be 
written with positional notation as follows: 


(E x 163) + (5 x 16?) + (D x 161) + (7 x 16°) + (A x 167") + (3 X 167?) 


The decimal value of the hexadecimal number E5D7.A3 is determined by 
multiplying each digit by its positional weight and adding the results. As 
with the previous number systems, the radix (hexadecimal) point sepa- 
rates the integer from the fractional part of the number. 


(14 x 4096) + (5 x 256) + (13 x 16) + (7 x 1) + (10 x 1/16) + (3 x 1/256) = 
57344 + 1280 + 208 + 7 + 0.625 + 0.01171875 = 
58839.63671875 5 


1 
= = —— = 0,0000152587890625 
16 65536 o * 
1 
16-3 = ——— = 0.000244140625 
4096 m 
1 
2 = ——— = 0,00390625 
2 256 _ 
167! = = 0.0625, 
14, = 16° 
16, = 16! 
256, = 16? 
4096,, = 163 
65536,, = 164 
1048576,, = 165 
16777216, = 16° 
Figure 1-10 


Condensed listing of powers of 16. 
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Conversion From Decimal to Hexadecimal 


Decimal to hexadecimal conversion is accomplished in the same manner 
as decimal to binary or octal, but with a base number of 16,9. As an 
example, the decimal number 156 is converted into its hexadecimal 
equivalent. 


156 + 16 =9 with remainder 12 =C ~—- LSD 
9+ 16=0 9=9 + MSD 


ll 
MN 


Divide the decimal number by 16,) and note the remainder. If the remain- 
der exceeds 9, convert the 2-digit number to its hexadecimal equivalent 
(12, = Cin this example). Then divide the quotient by 16 and again note 
the remainder. Continue dividing until a quotient of 0 results. Then 
collect the remainders beginning with the last or most significant digit 
(MSD) and proceed to the first or least significant digit (LSD). The 
number 9C,, = 15649. NOTE: The letter H after a number is sometimes 
used to indicate hexadecimal. However, this course will always use the 
subscript 16. 


To further illustrate this, the decimal number 47632 is converted into its 
hexadecimal equivalent. 


47632 + 16 = 2977 with remainder 0=0 ~- LSD 
2977 + 16 = 186 1=1 

186 + 16 = 11 10=A 

11+ 16=0 11=B -~—- MSD 


The division process continues until a quotient of 0 results. The remain- 
ders are collected, producing the number BA10,, = 47632,). Remember, 
any remainder that exceeds the digit 9 must be converted to its letter 
equivalent. (In this example, 10 = A, and 11 = B.) 


To convert a decimal fraction to a hexadecimal fraction, multiply the 
fraction successively by 16,) (hexadecimal base). As an example the 
decimal fraction 0.78125 is converted into its hexadecimal equivalent. 


0.78125 x 16 
0.50000 x 16 


Cc —- MSD 
8 ~« LSD 


12.5 = 0.5 with overflow 12 
8.0 = 0 8 
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Multiply the decimal by 16,,. If the product exceeds one, subtract the 
integer (overflow) from the product. If the “overflow” exceeds 9, convert 
the 2-digit number to its hexadecimal equivalent. Then multiply the 
product fraction by 16,, and again note any overflow. Continue multi- 
plying until an overflow, with 0 fora fraction, results. Remember, you can 
not always obtain 0 when you multiply by 16. Therefore, you should only 
continue the conversion to the accuracy or precision you desire. Collect 
the conversion overflows beginning at the radix point with the MSD and 
proceed to the LSD.The number 0.C8,,; = 0.781254). 


Now the decimal fraction 0.136 will be converted into its hexadecimal 
equivalent with five-place precision. 


0.136 X 16 = 2.176 = 0.176 overflow 2=2 — MSD 
0.176 X 16 = 2.816 = 0.816 2=2 
0.816 X 16 = 13.056 = 0.056 13 =D 
0.056 X 16 = 0.896 = 0.896 0=0 
0.896 X 16 = 14.336 = 0.336 14=E —~ LSD 


The number 0.22D0E,, approximately equals 0.136). If you convert 
0.22D0E,, back to decimal (using positional notation), you will find 
0.22D0E,, = 0.1359996795654296875,,. This example shows that ex- 
tending the precision of your conversion is of little value unless extreme 
accuracy is required. 


MICROPROCESSOR Number Systems and Codes 1-33 


As shown in this section, conversion of an integer from decimal to 
hexadecimal requires a different technique than for conversion of a 
fraction. Therefore, when you convert a hexadecimal number composed 
of an integer and a fraction, you must separate the integer and fraction, 
then perform the appropriate operation on each. After you convert them, 
you must recombine the integer and fraction. For example, the decimal 
number 124.78125 is converted into its hexadecimal equivalent. 


124.7812549 = 1244) + 0.781254 
124 +16=7 with remainder 12 = C ~—- LSD 
0 


0.78125 X 16 = 12.5 = 0.5 overflow 12=C ~<— MSD 
0.50000 x 16 = 8.0 =0 8=8 ~ LSD 


0.781254 = 0.C84, 


124.78125 1 = 1241 + 0.781251 = 7Cj + 0.C8i6 = 7C.C8 46 


First separate the decimal integer and fraction. Then convert the integer 
and fraction to hexadecimal. 


Finally, recombine the integer and fraction. 
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Converting Between the Hexadecimal and 
Binary Number Systems 


Previously, the octal number system was described as an excellent short- 
hand form to express large binary quantities. This method is very useful 
with many microprocessors. The trainer used with this course uses the 
hexadecimal number system to represent binary quantities. As a result, 
frequent conversions from binary-to-hexadecimal are necessary. Figures 
1-8 and 1-9 illustrate the relationship between hexadecimal and binary 
integers and fractions. 


As you know, four bits of a binary number exactly equal 16,) value 
combinations. Therefore, you can represent a 4-bit binary number with a 
1-digit hexadecimal number: 


1101, = (1 x 2) + (1x 2%) + (0 x 21) + (1X 29) =8+44+04+1= 13, = Dig 


Because of this relationship, converting binary to hexadecimal is simple 
and straightforward. For example, binary number 10110110 is converted 
into its hexadecimal equivalent. 


10110110, 
REWRITE AS 


MS LSB 
X J 


1011 0110 
YIELDS 
Bbis 


To convert a binary number to hexadecimal, first separate the number 
into groups containing four bits, beginning with the least significant bit. 
Then convert each 4-bit group into its hexadecimal equivalent. Don’t 
forget to use letter digits as required. This gives you a hexadecimal 
number equal in value to the binary number. 


Now convert a larger binary number (10101101101) into its hexadecimal 
equivalent. 


10101101101, 
REWRITE AS 
MSB LSB 


0101 0110 1101 
YIELDS 
56Di¢ 
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Again, the binary number is separated into 4-bit groups beginning with 
the LSB. However, the third group contains only three bits. Since each 
group must contain four bits, a zero must be added after the MSB. The 
third group will then have four bits with no change in the value of the 
binary number. Now each 4-bit group can be converted into its 
hexadecimal equivalent. Whenever you add zeros to a binary integer, 
always place them to the left of the most significant bit. 


Binary fractions can also be converted to their hexadecimal equivalents 
using the same process, with one exception; the binary bits are separated 
into groups of four, beginning with the most significant bit (at the radix 
point). For example, the binary fraction 0.01011011 is converted into its 
hexadecimal equivalent. 


0.01011011, 
REWRITE AS 
MS LSB 


0.0101 1011 
YIELDS 
0.5By, 


Again, you must separate the binary number into groups of four, begin- 
ning with the radix point. Then convert each 4-bit group into its hexadec- 
imal equivalent. This gives you a hexadecimal number equal in value to 
the binary number. 


Now convert a larger binary fraction (0.1101001101) into its hexadecimal 
equivalent. 


0.1101001101, 
REWRITE AS 
MSB LSB 


0.1101 0011 0100 


YIELDS 
0.D344¢ 


Separate the binary number into 4-bit groups, beginning at the radix 
(binary) point (MSB). Note that the third group contains only two bits. 
Since each group must contain four bits, two zeros must be added after 
the LSB. The third group will then have four bits with no change in the 
value of the binary number. Now, each 4-bit group can be converted into 
its hexadecimal equivalent. Whenever you add zeros to a binary frac- 
tion, always place them to the right of the least significant bit. 
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Now, a binary number containing both an integer and a fraction 
(110110101.01110111) will be converted into its hexadecimal equiva- 
lent. 


110110101.01110111, 


REWRITE AS 
MSB LSB 


0001 1011 0101.0111 0111 


YIELDS 


The integer part of the number is separated into groups of four, beginning 
at the radix point. Note that three zeros were added to the third group to 
complete the group. The fractional part of the number is separated into 
groups of four, beginning at the radix point. (No zeros were needed to 
complete the fractional groups.) The integer and fractional 4-bit groups 
are then converted to hexadecimal. The number 110110101.01110111, = 
1B5.77,5. Never shift the radix point in order to form 4-bit groups. 


Converting hexadecimal to binary is just the opposite of the previous 
process; simply convert each hexadecimal number into its 4-bit binary 
equivalent. For example, convert the hexadecimal number 8F.41 into its 
binary equivalent. 


8F.414, 
YIELDS 
MSB LSB 


1000 1111.0100 0001 
REWRITE AS 
10001111.01000001, 


Convert each hexadecimal digit into a 4-bit binary number. Then con- 
dense the 4-bit groups to form the binary value equal to the hexadecimal 
value. The number 8F.41,, = 10001111.01000001),. 
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Now, the hexadecimal number 175.4E will be converted into its binary 
equivalent. 


175.4E 4, 
YIELDS 

oe LSB 
0001 


0111 0101.0100 1110 
REWRITE AS 
101110101.0100111, 


Again, each hexadecimal digit is converted into its 4-bit binary equiva- 
lent. However, in this example there are three insignificant zeros in front 
of the MSB and one after the LSB. Since these zeros have no value, they 
should be removed from the final result. 
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Self-Test Review 


20. 


21. 


22. 


23, 


24, 


25, 


The base or radix of the hexadecimal number system is 


Convert the following decimal integers to hexadecimal. 


A. 783 
B; (5372 
C. 957 


Convert the following decimal fractions to hexadecimal. Do not use 
greater than four-place precision. 


A. 0.653 
B. 0.109375 
C. 0.4567 


Convert 1573.125,, to its hexadecimal equivalent. 
Convert the following binary numbers to hexadecimal 


A. 100001101.01011 
B. 11111011001.01 
C. 110001101.00010010101 


Convert the following hexadecimal numbers to binary. 


A. AE7.D2 
B. 2C5.21F8 
C. 1B6.64E 
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Answers 
20. 164. 
21. A. 783 + 16 = 48 with remainder 15=F ~ LSD 
48 + 16 =3 0=0 
3+16=0 3=3 <— MSD 


78319 = 30F ig 


B. 5372, = 14FCiy 
C. 95719 = 3BDi¢ 


22. A. 0.653 X 16 = 10.448 = 0.448 with overflow 10 =A ~- MSD 
0.448 X 16 = 7.168 = 0.168 7=7 
0.168 X 16 = 2.688 = 0.688 2=2 
0.688 <x 16 = 11.008 = 0.008 11=B < LSD 


0.653,) = 0.A72By, 


B. 0.1093754) = 0.1Cj¢ 
0.45679 = 0.74EA,, 


2 


23. A. 1573:125)9 = 1573 9+ 0:225;, 


1573 + 16 = 98 withremainder 5=5 ~<— LSD 
98 + 16 =6 2=2 
6+ 16=0 6=6 < MSD 


157319 = 625i¢ 


0.125 x 16 = 2.00=0 withoverflow 2 = 2-—7MSD 


0125S 02h. 


1573.125 49 = 15739 + 0.12549 = 62545 + 0.216 = 625.246 


24, A. 100001101.01011, = 0001 0000 1101.0101 1000, 


10D.58 i, 


11111011001.01, = 7D9.44. 
110001101.00010010101, = 18D.12A4, 


OS 


25. A. AE7.D2,5. = 1010 1110 0111.1101 0010, 

= 101011100111.1101001, 
2C5.21F8,, = 1011000101,0010000111111, 
C. 1B6.64E,, = 110110110.01100100111, 


x 


1 
1-40} uwrone ssi ic opocessors 


BINARY CODES 


Converting a decimal number into its binary equivalent is called ‘‘cod- 
ing.’’ A decimal number is expressed as a binary code or binary number. 
The binary number system, as discussed, is known as the pure binary 
code. This name distinguishes it from other types of binary codes. This 
section will discuss some of the other types of binary codes used in 
computers. 


Binary Coded Decimal 


The decimal number system is easy to use because it is so familiar. The 
binary number system is less convenient to use because it is less familiar. 
It is difficult to quickly glance at a binary number and recognize its 
decimal equivalent. For example, the binary number 1010011 represents 
the decimal number 83. It is difficult to tell immediately by looking at the 
number what its decimal value is. However, within a few minutes, using 
the procedures described earlier, you could readily calculate its decimal 
value. The amount of time it takes to convert or recognize a binary 
number quantity is a distinct disadvantage in working with this code 
despite the numerous hardware advantages. Engineers recognized this 
problem early and developed a special form of binary code that was more 
compatible with the decimal system. Because so many digital devices, 
instruments and equipment use decimal input and output, this special 
code has become very widely used and accepted. This special com- 
promise code is known as binary coded decimal (BCD). The BCD code 
combines some of the characteristics of both the binary and decimal 
number systems, 


8421 BCD Code The BCD code is a system of representing the decimal 
digits 0 through 9 with a four-bit binary code. This BCD code uses the 
standard 8421 position weighting system of the pure binary code. The 
standard 8421 BCD code and the decimal equivalents are shown in Figure 
1-11, along with a special Gray code that will be described later. As with 
the pure binary code, you can convert the BCD numbers into their deci- 
mal equivalents by simply adding together the weights of the bit posi- 
tions whereby the binary 1’s occur. Note, however, that there are only ten 
possible valid 4-bit code arrangements. The 4-bit binary numbers repre- 
senting the decimal numbers 10 through 15 are invalid in the BCD 
system. 
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0 0000 
1 0001 
2 0010 
3 0011 
4 0100 
5 0101 
6 0110 
7 0111 
8 1000 
9 1001 
10 0001 0000 
11 0001 0001 
12 0001 0010 
13 0001 0011 
14 0001 0100 
15 0001 0101 


Figure 1-11 
Codes. 


To represent a decimal number in BCD notation, substitute the appro- 
priate 4-bit code for each decimal digit. For example, the decimal integer 
834 in BCD would be 1000 0011 0100. Each decimal digit is represented 
by its equivalent 8421 4-bit code. A space is left between each 4-bit group 
to avoid confusing the BCD format with the pure binary code. This 
method of representation also applies to decimal fractions. For example, 
the decimal fraction 0.764 would be 0.0111 0110 0100 in BCD. Again, 
each decimal digit is represented by its equivalent 8421 4-bit code, witha 
space between each group. 


An advantage of the BCD code is that the ten BCD code combinations are 
easy to remember. Once you begin to work with binary numbers regu- 
larly, the BCD numbers may come to you as quickly and automatically as 
decimal numbers. For that reason, by simply glancing at the BCD rep- 
resentation of a decimal number you can make the conversion almost as 
quickly as if it were already in decimal form. As an example, convert a 
BCD number into its decimal equivalent. 


0110 0010 1000.1001 0101 0100 = 628.954,, 
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The BCD code simplifies the man-machine interface but it is less efficient 
than the pure binary code. It takes more bits to represent a given decimal 
number in BCD than it does with pure binary notation. For example, the 
decimal number 83 in pure binary form is 1010011. In BCD code the 
decimal number 83 is written as 1000 0011. In the pure binary code, it 
takes only seven bits to represent the number 83. In BCD form, it takes 
eight bits. It is inefficient because, for each bit in a data word, there is 
usually some digital circuitry associated with it. The extra circuitry 
associated with the BCD code costs more, increases equipment complex- 
ity, and consumes more power. Arithmetic operations with BCD numbers 
are also more time consuming and complex than those with pure binary 
numbers. With four bits of binary information, you can represent a total of 
24 = 16 different states or the decimal number equivalents 0 through 15. 
In the BCD system, six of these states (10-15), are wasted. When the BCD 
number system is used, some efficiency is traded for the improved 
communications between the digital equipment and the human operator. 


Decimal-to-BCD conversion is simple and straightforward. However, 
binary-to-BCD conversion is not direct. An intermediate conversion to 
decimal must be performed first. For example, the binary number 
1011.01 is converted into its BCD equivalent. 


First the binary number is converted to decimal. 
1011.01, = (1 x 25) + (0 x 27) + (1 x 2') + (1 x 2°) +(0 X 27") + (1 X 27?) 


G0 + 2444040205 
11-2534 


Then the decimal result is converted to BCD. 
11.25, = 0001 0001.0010 0101 
To convert from BCD to binary, the previous operation is reversed. For 


example, the BCD number 1001 0110.0110 0010 0101 is converted into its 
binary equivalent. 
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First, the BCD number is converted to decimal. 
1001 0110.0110 0010 0101 = 96.625,, 

Then the decimal result is converted to binary. 
96.6254) = 9619 + 0.62545 


96 +2=48 withremainder 0 ~— LSB 
48+2=24 0 
24+2=12 0 
12+2=6 0 
6+ 2 =3 0 

1 

1 


—= MSB 


96,9 = 1100000, 


0.625 X 2 = 1.25 = 0.25 with overflow 1 ~— MSB 
0.250 X 2 = 0.50 0.50 0 
0.500 x 2 = 1.00 = 0 1 ~— LSB 


0.625,) = 0.101, 


96.6251) = 96,) + 0.625, = 1100000, + 0.101, = 1100000.101, 


Therefore: 
1001 0110.0110 0010 0101 = 96.625,, = 1100000.101, 


Because the intermediate decimal number contains both an integer and 
fraction, each number portion is converted as described under ‘‘Binary 
Number System.” The binary sum (integer plus fraction) 1100000.101 is 
equivalent to the BCD number 1001 0110.0110 0010 0101. 
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DECIMAL GRAY BINARY 


0000 
0001 
0010 
0011 
0100 
0101 
0110 
0111 
1000 
1001 
0001 0000 
0001 0001 
0001 0010 
0001 0011 
0001 0100 
0001 0101 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


> 
- © 


PPP 
of Ww NY 





Figure 1-11 
Codes. 
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Special Binary Codes 


Besides the standard pure binary coded form, the BCD numbering system 
is by far the most widely-used digital code. You will find one or the other 
in most of the applications that you encounter. However, there are several 
other codes that are used for special applications, such as the ‘‘Gray 
Code.” 


The Gray Code is a widely-used, non-weighted code system. Also known 
as the cyclic, unit distance or reflective code, the Gray code can exist in 
either the pure binary or BCD formats. The Gray code is shown in Figure 
1-11. As with the pure binary code, the first ten codes are used in BCD 
operations. Notice that there is a change in only one bit from one code 
number to the next in sequence, You can get a better idea about the Gray 
code sequence by comparing it to the standard 4-bit 8421 BCD code and 
the pure binary code also shown in Figure 1-11. For example, consider 
the change from 7 (0111) to 8 (1000) in the pure binary code. When this 
change takes place, all bits change. Bits that were 1’s are changed to 0’s 
and 0’s are changed to 1’s. Now notice the code change from 7 to 8 in the 
Gray code. Here 7 (0100) changes to 8 (1100). Only the first bit changes. 


The Gray code is generally known as an error minimizing code because it 
greatly reduces confusion in the electronic circuitry when changing from 
one state to the next. When binary codes are implemented with electronic 
circuitry, it takes a finite period of time for bits to change from 0 to 1 or 1 to 
0. These state changes can create timing and speed problems. This is 
particularly true in the standard 8421 codes where many bits change from 
one combination to the next. When the Gray code is used, however, the 
timing and speed errors are greatly minimized because only one bit 
changes at a time. This permits code circuitry to operate at higher speeds 
with fewer errors. 


The biggest disadvantage of the Gray code is that it is difficult to use in 
arithmetic computations. Where numbers must be added, subtracted or 
used in other computations, the Gray code is not applicable. In order to 
perform arithmetic operations, the Gray code number must generally be 
converted into pure binary form. 
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Alphanumeric Codes 


Several binary codes are called alphanumeric codes because they are 


used to represent characters as well as numbers. The two most common 
codes that will be discussed are ASCII and BAUDOT. 


ASCII Code The American Standard Code for Information Interchange 
commonly referred to as ASCII, is a special form of binary code that is 
widely used in microprocessors and data communications equipment. A 
new name for this code that is becoming more popular is the American 
National Standard Code for Information Interchange (ANSCII). However, 
this course will use the most recognized term, ASCII. ASCII is a 6-bit 
binary code that is used in transferring data between microprocessors 
and their peripheral devices, and in communicating data by radio and 
telephone. With six bits, a total of 2° = 64 different characters can be 
represented. These characters comprise decimal numbers 0 through 9, 
upper-case letters of the alphabet, plus other special characters used for 
punctuation and data control. A 7-bit code called full ASCII, extended 
ASCII, or USASCII can be represented by 27 = 128 different characters. In 
addition to the characters and numbers generated by 6-bit ASCII, 7-bit 
ASCII contains lower-case letters of the alphabet, and additional charac- 
ters for punctuation and control. The 7-bit ASCII code is shown in Figure 
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Figure 1-12 
Table of 7-bit American Standard Code 
for Information Interchange. 


MICR 


NOT 


(1) 


(2) 


(3) 


NUL 
SOH 
STX 
ETX 
EOT 
ENQ 
ACK 
BEL 
BS 
HT 


LF 
VT 
FF 
CR 
SO 
SI 

SP 
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ES: 


Depending on the machine using this code, the symbol may be a 
circumflex, an up-arrow, or a horizontal parenthetical mark. 


Depending on the machine using this code, the symbol may be an 
underline, a back-arrow, or a heart. 


Explanation of special control functions in columns 0, 1, 2, and 7. 


Null DLE Data Link Escape 

Start of Heading DC1__— Device Control 1 

Start of Text DC2 Device Control 2 

End of Text DC3 Device Control 3 

End of Transmission DC4_ Device Control 4 
Enquiry NAK Negative Acknowledge 
Acknowledge SYN Synchronous Idle 

Bell (audible signal) ETB End of Transmission Block 
Backspace CAN Cancel 

Horizontal Tabulation EM _ End of Medium 
(punched card skip) SUB Substitute 

Line Feed ESC Escape 

Vertical Tabulation FS File Separator 

Form Feed GS Group Separator 
Carriage Return RS Record Separator 

Shift Out US Unit Separator 

Shift In DEL Delete 


Space (blank) 


Figure 1-12 
(Continued.) 
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The 7-bit ASCII code for each number, letter or control function is made 
up of a 4-bit group and a 3-bit group. Figure 1-13 shows the arrangement 
of these two groups and the numbering sequence. The 4-bit group is on 
the right and bit 1 is the LSB. Note how these groups are arranged in rows 
and columns in Figure 1-12. 


4-BIT GROUP 


BER 


4 


——., 











3-BIT GROUP 


Figure 1-13 
ASCII code word format. 


To determine the ASCII code for a given number letter or control opera- 
tion, locate that item in the table. Then use the 3- and 4-bit codes as- 
sociated with the row and column in which the item is located. For 
example, the ASCII code for the letter L is 1001100. It is located in column 
4, row 12. The most significant 3-bit group is 100, while the least signifi- 
cant 4-bit group is 1100. When 6-bit ASCII is used, the 3-bit group is 
reduced to a 2-bit group as shown in Figure 1-14. 


In 7-bit ASCII code, an eighth bit is often used as a parity or check bit to 
determine if the data (character) has been transmitted correctly. The 
value of this bit is determined by the type of parity desired. Even parity 
means the sum of all the 1 bits, including the parity bit, is an even 
number. For example, if G is the character transmitted, the ASCII code is 
1000111. Since four 1’s are in the code, the parity bit is 0. The 8-bit code 
would be written 01000111. 


Odd Parity means the sum of all the 1 bits, including the parity bit, is an 
odd number. If the ASCII code for G was transmitted with odd parity, the 
binary representation would be 11000111. 
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Figure 1-14 
Table of 6-bit American Standard Code 


for Information Interchange. 





NOTES: 


(1) Depending on the machine using this code, the symbol may be a 
circumflex, an up-arrow, or a horizontal parenthetical mark. 


(2) Depending on the machine using this code, the symbol may be an 
underline, a back-arrow, or a heart. 


(3) SP — Space (blank) for machine control. 
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BAUDOT Code While the ASCII code is used almost exclusively with 
microprocessor peripheral devices (CRT display, keyboard terminal, 
paper punch/reader, etc.), there are many older printer peripherals that 
use the 5-bit BAUDOT code. With five data bits, this code can represent 
only 2° = 32 different characters. To obtain a greater character capability, 
26 of the 5-bit codes are used to represent two separate characters. As 
shown in Figure 1-15, one set of 5-bit codes represents the 26 upper-case 
alphabet letters. The same 5-bit codes also represent various figures and 
the decimal number series 0 through 9. 


The remaining six 5-bit codes are used for machine control and do not 
have a secondary function. Two of these 5-bit codes determine which of 
the 26 double (letter/figure) characters can be transmitted/received. Bit 
number 11111 forces the printer to recognize all following 5-bit codes as 
letters. Bit number 11011 forces figure recognition of all the following 
5-bit codes. For example, to type 56 NORTH 10 STREET, the following 
method is used. 


Type — Figures 5 6 Space 
Then — Letters NOR T H Space 
Then — Figures 1 0 Space 


Finally — Letters S TREET 
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Bit Numbers 
54321 


Oo 


0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


Letters Case 


Blank 
E 
Line Feed 
A 
Space 


Car. Ret. 


NWOOVKTTSrNHAKQOATZ AO 


Figures 


Letters 





Figure 1-15 
5-bit BAUDOT code table. 
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Figures Case 


Blank 
3 
Line Feed 
Space 
Bell 
8 
7 
Car. Ret. 
$ 
4 
(Apos)’ 
(Comma), 


Figures 
/ 


Letters 
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Self-Test Review 


26. The BCD code is more convenient to use than the binary code 
because: 


A. it uses less bits. 

B. it is more compatible with the decimal number system. 
C. it is more adaptable to arithmetic computations. 

D. there are more different coding schemes available. 


27. Convert the following decimal numbers to 8421 BCD code. 


A. 1049 
B. 267 
C. 835 


28. Convert the following 8421 BCD code numbers to decimal. 


1001 0110 0010 
0111 0001 0100 0011 
1010 1001 1000 
1000 0000 0101 


DAB p 


29. Convert the following binary numbers to 8421 BCD code. 


A. 101110.01 
B. 1001.0101 
C. 11011011.0001 
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30. Convert the following 8421 BCD codes to binary. 


0001 1000 0010.0101 
0010 1001 0000.0010 0101 
1101 0110 0011.0101 
0110 1000.0001 0010 0101 


CnD> 


31. Which code is best for error minimizing? 


A. 8421 BCD 
B. pure binary 
C. Gray 


32. The ASCII and BAUDOT codes are a form of 
codes. 


33. Todetermine if the correct ASCII character has been transmitted, a 
bit is often added to the code. 


34. Which type of parity is used when the 8-bit ASCII character 
01000111 is transmitted? 


A. odd 
B. even 


35. Refer to Figure 1-12 and convert the following characters into their 
ASCII 7-bit binary code. 


B 
X 
3 
5 


COW > 


36. Refer to Figure 1-12 and convert the following ASCII 7-bit binary 
codes to their character equivalents. 


A. 0110010 
B. 1010110 
C. 1011010 
D. 1001110 
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Answers 
26. B. More compatible with the decimal system. 
27. A. 0001 0000 0100 1001 
B. 0010 0110 0111 
C. 1000 0011 0101 
28. A. 962 
B. 7143 
C. Invalid (1010 represents a decimal digit greater than 9) 
D. 805 
29. A. 101110.01, = (1 x 25) + (0x 24) + (1 x 23) + (1 x 244+ (1x24 
+ (0 x 29) + (0 x 271) + (1 x 27?) 
=32+04+8+4+4+2+0+4+0+4+0.25 
= 46.2549 
46.254) = 0100 0110.0010 0101 
101110.01, = 0100 0110.0010 0101 
B. 1001.0101, = 1001.0011 0001 0010 0101 
C. 11011011.0001, = 0010 0001 1001.0000 0110 0010 0101 
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30. 


31. 


32, 


33. 


34. 


35. 


36. 


A. 


O 


OOW> 


DOm> 


0001 1000 0010.0101 = 182.545 
182.54) = 18219 + 0.54 
182 +2=91 with remainder 0 — LSB 
91+2= 45 1 
45 +2 = 22 1 
22+2=11 0 
11+2=5 4 
5+2=2 1 
+2=1 0 
+2=0 1 —+— MSB 
[ie2n = 10110110; | 
B 
0.5xX2=1.00=0 overflow MP 
LSB 


fos,. = 0.19{ 


182.5.) = 18219 + 0.549 


10110110, + 0.1, = 10110110.1, 


0001 1000 0010.0101 


10110110.1, 


0010 1001 0000.0010 0101 = 100100010.01, 
invalid (1101 represents a decimal digit greater than 9) 
0110 1000.0001 0010 0101 = 1000100.001, 


Gray 


Alpha numeric 
Parity 


Even 


1000010 
1011000 
0110011 
1010011 


ZN<n 
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UNIT 1 SUMMARY 


1. A basic distinguishing feature of a number system is its base or 
radix. The binary number system has a radix of 2, octal 8, decimal 
10, and hexadecimal 16. 


2. A number system is positional or weighted. That is, each digit 
position carries a particular weight which determines the mag- 
nitude of that number. Each position has a weight determined 
by the power of the number system. In the decimal number sys- 
tem the positional weights are 10° (units), 101 (tens), 10? (hun- 
dreds), 10°? (tenths), 10°? (hundredths), etc. 


3. In a number, such as decimal 247429, the left-most digit (2) is 
called the most significant digit or MSD, while the right-most 
digit (9) is called the least significant digit or LSD. These terms 
apply to all number systems. 


4. The simplest number system is the binary number system. It is 
called binary because it has a base or radix of 2. The numbers 
used in the binary number system are 0 and 1. 


5. Binary data is represented by binary digits called bits. The left- 
most bit is generally called the most significant bit (MSB) rather 
than MSD. By the same token, the right-most bit is called the 
least significant bit (LSB) rather than LSD. 


6. Microprocessors operate on groups of bits which are called words. 


7. Positional weight in the binary number system is a positive or 
negative power of two. 


8. To convert a binary number into its decimal equivalent, add to- 
gether the weights of the positions in the number where the bi- 
nary ones occur. 


9. To convert a decimal whole number into its binary equivalent, 
successively divide the number by two and note the remainders. 
When you divide by two, the remainder will always be one or 
zero. The first remainder is always the LSB, while the last remain- 
der is always the MSB. 
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10. To convert a decimal fraction into its binary equivalent, succes- 
sively multiply the fraction by the number two and record the 
integers produced by the multiplication. The integer produced 
by the multiplication will always be one or zero. The first integer 
is the MSB. The MSB is located at the radix (binary) point of 
the fraction. 


11. The octal number system uses the digits 0 through 7. 


12. The positional weight in the octal number system is a positive 
or negative power of eight. 


13. To convert an octal number into its decimal equivalent, add to- 
gether the weights of the number positions. 


14. To convert a decimal whole number into its octal equivalent, 
successively divide the number by eight and note the remainders. 
These will be some value between zero and seven. The first re- 
mainder will always be the MSD. 


15. To convert a decimal fraction into its octal equivalent, succes- 
sively multiply the fraction by the number eight and record the 
integers produced by the multiplication. The integer produced 
by the multiplication will always be some number between zero 
and seven. The first integer is the MSD. The MSD is located at 
the radix (octal) point of the fraction. 


16. Three bits of a binary number exactly equal eight value combina- 
tions. Therefore, you can represent a 3-bit binary number with 
a 1-digit octal number. 


17. To convert a binary number into octal, first separate the number 
into groups containing three bits, beginning with the LSB. Then 
convert each 3-bit group into its octal equivalent. This applies 
to both integers and fractions. 


18. Toconvert an octal number into binary, simply convert each octal 
digit into its 3-bit binary equivalent. 


19. The hexadecimal number system uses the digits 0 through 9 and 
the letters A through F. 


20. The positional weight in the hexadecimal number system is a 
positive or negative power of sixteen. 
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21. To convert a hexadecimal number into its decimal equivalent, 
add together the weights of the number positions. 


22. To convert a decimal whole number into its hexadecimal equiva- 
lent, successively divide the number by sixteen and note the re- 
mainders. These will be some value between zero and fifteen. 
The first remainder will always be the MSD. Any remainder great- 
er than nine must be converted into its hexadecimal letter equiva- 
lent. 


23. To convert a decimal fraction into its hexadecimal equivalent, 
successively multiply the fraction by the number sixteen and re- 
cord the integers produced by the multiplication. The integer pro- 
duced by the multiplication will always be some number between 
zero and fifteen. The first integer is the MSD. The MSD is located 
at the radix (octal) point of the fraction. Any remainder greater 
than nine must be converted into its hexadecimal letter equiva- 
lent. 


24. Four bits of a binary number exactly equal sixteen value combina- 
tions. Therefore, you can represent a 4-bit binary number with 
a 1-digit hexadecimal number. 


25. To convert a binary number into hexadecimal, first separate the 
number into groups containing four bits, beginning with the LSB. 
Then convert each 4-bit group into its hexadecimal equivalent. 
This applies to both integers and fractions. 


26. To convert a hexadecimal number into binary, simply convert 
each hex digit into its 4-bit binary equivalent. 


27. Converting a decimal number into its binary equivalent is called 
coding. 


28. Binary coded decimal (BCD) code combines some of the charac- 
teristics of both the binary and decimal number systems. The 
BCD code is a system of representing the decimal digits zero 
through nine with a 4-bit binary code. The code uses the 8421 
position weighting system of pure binary code. However, there 
are only ten valid 4-bit code arrangements. 
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29. The BCD code simplifies the man-machine interface but it is less 
efficient than the pure binary code. It takes more bits to represent 
a given decimal number in BCD than it does to represent a given 
decimal number in pure binary. 


30. You cannot make direct conversion between BCD and binary. 
You must first convert the BCD code to decimal digits, then con- 
vert the decimal digits to binary. 


31. Gray code is a widely-used, non-weighted code system. It is also 
known as the cyclic, unit distance, error minimizing, or reflective 
code. 


32. When Gray code is incremented, only one bit changes state. While 
this permits code circuitry to operate at higher speeds with fewer 
errors, it is difficult to use in arithmetic computations. 


33. American Standard Code for Information Interchange (ASCII) 
code is a special form of binary code that is widely used in micro- 
processors and data communications equipment. 


34. While ASCII can be used as a 6-bit code, it is generally used 
in its 7- bit form. The seven code bits are used through a transla- 
tion table to identify 128 different printable and non-printable 
characters. The printable characters are the upper-and lower-case 
alphabet, the numbers zero through nine, and punctuation sym- 
bols. The non-printable characters are used to control various 
“machine” operations such as carriage return, line feed, etc. 


35. In 7-bit ASCII code, an eighth bit is often used as a parity or 
check bit. You use the value of the parity bit to control the parity 
of the 8-bit word. 


36. Older printer peripherals use BAUDOT code for data transmis- 
sion. It is a 5-bit code that can represent 32 different characters. 
These characters include the upper-case alphabet, the numbers 
zero through nine, punctuation symbols, and a number of 
machine control characters. 
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Perform Experiments 1 and 2 at the end of Book 2. i 
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POSITIVE POWERS OF 2 


16 
17 
18 
19 
20 


21 
22 
23 
24 
25 


26 
27 
28 
29 
30 


31 
32 


2048 
4096 
8192 
16384 
32768 


65536 
13107 
26214 
52428 
10485 


20971 
41943 
83886 
16777 
33554 


67108 
13421 
26843 
53687 
10737 


21474 
42949 


pS 


76 


52 
04 
08 
216 
432 


864 
7728 
5456 
0912 
41824 


83648 
67296 
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NEGATIVE POWERS OF 2 


n 258 

0 1.0 

1 0.5 

2 0.25 

3 0.125 

4 0.0625 
5 0.03125 


6 0.01562 5 
7 0.00781 25 
8 0.00390 625 


9 0.00195 3125 
10 0.00097 65625 
11 0.00048 82812 5 


12 0.00024 41406 25 
13. 0.00012 20703 125 
14 0.00006 10351 5625 


15 0.00003 05175 78125 
16 0.00001 52587 89062 5 
17 0.00000 76293 94531 25 


18 0.00000 38146 97265 625 
19 0.00000 19073 48632 8125 
20 0.00000 09536 74316 40625 


21 0.00000 04768 37158 20312 5 
22 0.00000 02384 18579 10156 25 
23 0.00000 01192 09289 55078 125 


24 0.00000 00596 04644 77539 0625 
25 0.00000 00298 02322 38769 53125 
26 0.00000 00149 01161 19384 76562 5 


27 0.00000 00074 50580 59692 38281 25 
28 0.00000 00037 25290 29846 19140 625 
29 0.00000 00018 62645 14923 09570 3125 


30 0.00000 00009 31322 57461 54785 15625 
31 0.00000 00004 65661 28730 77392 57812 5 
32 0.00000 00002 32830 64365 38696 28906 25 
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POSITIVE POWERS OF 8 


8" 


a] 


1 

8 
64 
512 
409 
327 
262 
209 


Onno fF WN —- © 


6 
68 
144 


715 2 


167 772 16 


POSITIVE POWERS OF 16 


= 
_ 
mn 


ON OO & WH = © 
mo 
an 
on 


857 
772 
435 
496 


456 
729 6 


NEGATIVE POWERS OF 16 


n 16" 
0 1.0 

1 0.062 
2 0.003 
3 0.000 
4 0.000 


5 


906 25 
244 140 625 
015 258 789 O62 5 
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INTRODUCTION 


A microprocessor is a very complex electronic circuit. It consists of 
thousands of microscopic transistors squeezed onto a tiny chip of sili- 
con that is often no more than one-eighth inch square. The chip is 
placed in a package containing anywhere from 40 to 64 leads. 


The thousands of transistors that make up the microprocessor are ar- 
ranged to form many different circuits within the chip. From the 
standpoint of learning how the microprocessor operates, the most im- 
portant circuits on the chip are registers, counters, and decoders. In 
this unit, you will learn how these circuits can work together to perform 
simple but useful tasks. 
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UNIT OBJECTIVES 


When you have completed this unit you will be able to: 


1. Define the terms: ‘microprocessor, microcomputer, input, output, 
1/O, I/O device, I/O port, instruction, program, stored program 
concept, word, byte, MPU, ALU, operand, memory, address, read, 
write, RAM, fetch, execute, MPU cycle, mnemonic, opcode, and 
bus. 


2. Explain the purpose of the following circuits in a typical micro- 
processor: accumulator, program counter, instruction decoder, 
controller sequencer, data register, and address register. 


3. Using a simplified block diagram of a hypothetical microprocessor, 
trace the data flow that takes place between the various circuits 
during the execution of a simple program. 


4, Describe the difference between inherent, immediate, and direct 
addressing. 
5. Write simple, straight-line programs that can be executed by the 


ET-3400 Microprocessor Trainer. 
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TERMS AND CONVENTIONS 


A microprocessor is a logic device that is used in digital electronic 
systems. It is also being used by hobbyists, experimenters and low- 
budget research groups as a low-cost, general-purpose computer. But a 
distinction should be made between the microprocessor and the micro- 
computer. 


The microprocessor unit, or MPU, is a complex logic element that per- 
forms arithmetic, logic, and control operations. The trend is to package it 
as a single integrated circuit. 


A microcomputer contains a microprocessor, but it also contains other 
circuits such as memory devices to store information, interface adapters 
to connect it with the outside world, and a clock to act as a master timer 
for the system. Figure 2-1 shows a typical microcomputer in which these 
additional circuits are added. The arrows represent conductors over 
which binary information flows. The wide arrows represent several con- 
ductors connected in parallel. A group of parallel conductors which carry 
information is called a bus. 
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Figure 2-1 
A Basic Microcomputer. 
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The microcomputer is composed of everything inside the dotted line. 
Everything outside the dotted line is referred to as the outside world, and 
all microcomputers must have some means of communicating with it. 
Information received by the microcomputer from the outside world is 
referred to as input data. Information transmitted to the outside world 
from the microcomputer is referred to as output data. 


Input information may come from devices like paper tape readers, type- 
writers, mechanical switches, keyboards, or even other computers. Out- 
put information may be sent to video displays, output typewriters, paper 
tape punches, or line printers. Some devices such as the teletypewriter 
can serve as both an input and an output device. These devices are 
referred to as input/output or I/O devices. The point at which the I/O 
device connects to the microcomputer is called an I/O port. 
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Stored Program Concept 


A microcomputer is capable of performing many different operations. It 
can add and subtract numbers and it can perform logical operations. It 
can read information from an input device and transmit information to an 
output device. In fact, depending on the microprocessor used, there may 
be 100 or more different operations that the microcomputer can perform. 
Moreover, two or more individual operations can be combined to perform 
much more complex operations. 


In spite of all its capabilities, the computer will do nothing on its own 
accord. It will do only what it is told todo, nothing more and nothing less. 
You must tell the computer exactly what operations to perform and the 
order in which it should perform them. The operations that the computer 
can be told to perform are called instructions. A few typical instructions 
are ADD, SUBTRACT, LOAD INDEX REGISTER, STORE AC- 
CUMULATOR, and HALT. 


A group of instructions that allows the computer to perform a specific job 
is called a program. One who writes these instructions is called a pro- 
grammer. To design with microprocessors, the engineer must become a 
programmer. To repair microprocessor-based equipment, the technician 
must understand programming. Generally, the length of the program is 
proportional to the complexity of the task that the computer is to perform. 
A program for adding a list of numbers may require only a dozen instruc- 
tions. On the other hand, a program for controlling all the traffic lights in 
a small city may require thousands of instructions. 


A computer is often compared toa calculator, which is told what to do by 
the operator via the keyboard. Even inexpensive calculators can perform 
several operations that can be compared to instructions in the computer, 
By depressing the right keys, you can instruct the calculator to add, 
subtract, multiply, divide, and clear the display. Of course, you must also 
enter the numbers that are to be added, subtracted, etc. With the cal- 
culator, you can add a list of numbers as quickly as you can enter the 
numbers and the instructions. That is, the operation is limited by the 
speed and accuracy of the operator. 


From the start, computer designers recognized that it was the human 
operator that slowed the computation process. To overcome this, the 
stored program concept was developed. Using this approach, the pro- 
gram is stored in the computer’s memory. Suppose, for example, that you 
have 20 numbers that are to be manipulated by a program that is com- 
posed of 100 instructions. Let’s further suppose that 10 answers will be 
produced in the process. 
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Before any computation begins, the 100-instruction program plus the 20 
numbers are loaded into the computer’s memory. Furthermore, 10 mem- 
ory locations are reserved for the 10 answers. Only then is the computer 
allowed to execute the program. The actual computation time might be 
less than one millisecond. Compare this to the time that it would take to 
manually enter the instructions and numbers, one at a time, while the 
computer is running. This automatic operation is one of the features that 
distinguishes the computer from the calculator. 


Computer Words 


In computer terminology, a word is a group of binary digits that can 
occupy a storage location. Although the word may be made up of several 
binary digits, the computer handles each word as if it were a single unit. 
Thus, the word is the fundamental unit of information used in the 
computer. 


A word may bea binary number that is to be handled as data. Or, the word 
may be an instruction that tells the computer which operation it is to 
perform. It may be an ASCII character representing a letter of the al- 
phabet. Finally, a word can be an “address” that tells the computer where 
a piece of data is located. 


Word Length 


In the past few years, a wide variety of microprocessors have been de- 
veloped. Their cost and capabilities vary widely. One of the most impor- 
tant characteristics of any microprocessor is the word length it can 
handle. This refers to the length in bits of the most fundamental unit of 
information. 


The most common word length for microprocessors is 8 bits. In these 
units; numbers, addresses, instructions, and data are represented by 8-bit 
binary numbers. The lowest 8-bit binary number is 0000 0000, or 00,,. 
The highest is 1111 1111, or FF,. In decimal, this range is from 0 to 25549. 
Thus, an 8-bit binary number can have any one of 256,) unique values. 


An 8-bit word can specify positive numbers between 0 and 25549, Or, if 
the 8-bit word is an instruction, it can specify any of 256) possible 
operations. It is also entirely possible that the 8-bit word is an ASCII 
character. In this case, it can represent letters of the alphabet, punctuation 
marks, or numerals. As you can see, the 8-bit word can represent many 
different things, depending on how it is interpreted. The programmer 
must insure that an ASCII character or binary number is not interpreted as 
an instruction, Later, you will see the consequences of making this 
mistake. 
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While the 8-bit word length is the most popular, other word lengths are 
sometimes used. The earliest microprocessor used a 4-bit word length, 
and four-bit microprocessors are still used in many cases because of their 
low cost. A few 12-bit and 16-bit microprocessors have also been de- 
veloped. 


Longer word lengths allow us to work with larger numbers. For example, 
a 16-bit word can represent numbers up to 65,535. However, this capa- 
bility adds to the complexity and cost of the microprocessor. Because 
most microprocessors use 8-bit word lengths, we will restrict our discus- 
sion to units of this type. 


It should be pointed out that just because the word length is 8-bits, it does 
not mean that we are restricted to numbers below 256,o. It simply means 
that you must use two or more words to represent larger numbers. 


The 8-bit word length defines the size of many different components in 
the microprocessor system. For example, many of the important registers 
will have 8-bit capacity. Memory will be capable of holding a large 
number of 8-bit words. And, the bus which is used to transfer data words 
will consist of eight parallel conductors. 


Even 16-bit microprocessors use 8-bit segments of data in many applica- 
tions. For example, inputs from teletypewriters often consist of 8-bit 
ASCII characters. To distinguish these 8-bit segments of information 
from the 16-bit (or longer) word lengths, another term has come into 
general use: the term byte. A byte is a group of bits that are handled as a 
single unit. Generally, a byte is understood to consist of 8-bits. In the 8-bit 
microprocessor, each word consists of one byte. But in the 16-bit 
machines, each word contains two bytes. Figure 2-2 illustrates these 
points. 
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Figure 2-2 
Words and Bytes. 


Figure 2-2 also shows how the bits that make up the computer word are 
numbered. The least significant bit (I.SB) is on the right while the most 
significant bit (MSB) is on the left. In the 8-bit word, the bits are num- 
bered 0 through 7 from right to left. In the 16-bit word, the bits are 
numbered 0 through 15 as shown. The lower 8-bits are called the lower 
order byte while the upper 8-bits are called the higher order byte. 
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Self-Test Review 


10. 


11. 


Explain the difference between a microprocessor and a microcom- 
puter. 


What is a bus? 
Explain the difference between input and output data. 
Define I/O. 


The point at which data enters or leaves the computer is called an 
1/O 


The operations that the computer can be told to perform are called 


What is a program? 

Explain what is meant by “‘stored program concept.” 
A byte generally consists of ____________ bits. 

A computer word may consist of one or more 


What is the largest number that can be represented by an 8-bit 
computer word? By a 16-bit word? 
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Answers 


4, A microprocessor is a logic element that can perform a variety of 
arithmetic, control, and logic operations. A microcomputer is a 
system that consists of a microprocessor, memory, interface adapt- 
ers, Clock, etc. 


2: A bus is a group of conductors over which information can be 
transmitted. The conductors may be wires in a cable, foil patterns 
on a printed circuit board, or microscopic metal deposits in a 
silicon chip. 


3's Input data is information that is entered into the computer from the 
outside world. Output data is information that is transmitted from 
the computer to the outside world. The outside world is defined as 
anything outside the computer. 


4. I/O is the abbreviation for input-output. Thus, a device that can 
send data to and accept data from the computer is called an I/O 


device. 
5. Port. 
6. Instructions. 
7. A program is a group of instructions that tell the computer the 


operations to be performed and the sequence in which they are to 
be performed. 


8. The stored program concept refers to the technique of storing the 
instruction to be performed in the memory section along with the 
data that is to be operated upon. 

9. 8. 


10. Bytes. 


11.) 1111 1111, or 255,9. 1111 1111 1111 1111, or 65,535 49. 
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AN ELEMENTARY MICROCOMPUTER 


One of the difficulties you may encounter in learning about a mi- 
crocomputer for the first time is the complexity of its main component — 
the microprocessor. The microprocessor may havea dozen or more regis- 
ters varying in size from 1 bit to 16 bits. It will have scores of instructions, 
most of which can be implemented several different ways. It will have 
data, address, and control buses. In short, it can be very intimidating to 
start out by considering a full-blown microprocessor. 


A better approach is to start with a ‘“‘stripped down” version. By initially 
omitting some of the processor’s advanced features, we arrive at a device 
that can be readily understood and yet maintains the characteristics of an 
actual microprocessor. Strictly speaking, the microprocessor developed 
in this unit is hypothetical in nature. However, it is so close to the real 
thing that the programs we develop for it will actually run on the ET-3400 
Microprocessor Trainer. Also, as you will see later, one of the most 
popular microprocessors in use today is a vastly advanced version of our 
elementary model. 


A block diagram of a basic microcomputer is shown in Figure 2-3, which 
shows the microprocessor, the memory, and the !/O circuitry. For 
simplicity, we will ignore the I/O circuitry in this unit. We can do this by 
assuming that the program and data are already in memory and that the 
results of any computations will be held in a register or stored in memory. 
Ultimately of course, the program and data must come from the outside 
world and the results must be sent to the outside world. But we will save 
these procedures until a later unit. This will allow us to concentrate on 
the microprocessor unit and the memory. 
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Figure 2-3 
The Basic Microcomputer, 
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The Microprocessor Unit (MPU) 


The microprocessor unit is shown in greater detail in Figure 2-4. For 
simplicity, only the major registers and circuits are shown. In our 
elementary unit most of the counters, registers, and buses are 8-bits wide. 
That is, they can accomodate 8-bit words. 
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An Elementary Microprocessor. 
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One of the most important circuits in the microprocessor is the arithmetic 
logic unit (ALU). Its purpose is to perform arithmetic or logic operations 
on the data words that are delivered to it. The ALU has two main inputs. 
One comes from a register called the accumulator, and the other comes 
from the data register. The AI.U can add the two input data words 
together, or it can subtract one from the other. It can also perform some 
logic operations which will be discussed in later units. The operation that 
the ALU performs is determined by signals on the various control lines 
(marked C on the block diagram). 


Generally, the ALU receives two 8-bit binary numbers from the ac- 
cumulator and the data register as shown in Figure 2-5A. Because some 
operation is performed on these data words, the two inputs are called 





operands. 
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The two operands may be added, subtracted, or compared in some way, 
and the result of the operation is stored back in the accumulator. For 
example, assume that two numbers (7 and 9) are to be added. Before the 
numbers can be added, one operand (9) is placed in the accumulator; the 
other (7) is placed in the data register. The proper control line is then 
activated to implement the add operation. The ALU adds the two num- 
bers together, producing their sum (16,,) at the output. As shown in 
Figure 2-5B, the sum is stored in the accumulator, replacing the operand 
that was originally stored there. Notice that all the numbers involved are 
in binary form. 


The accumulator is the most useful register in the microprocessor. Dur- 
ing arithmetic and Jogic operations it performs a dual function. Before the 
operation, it holds one of the operands. After the operation, it holds the 
resulting sum, difference, or logical answer. The accumulator receives 
several instructions in every microprocessor. For example, the ‘load 
accumulator” instruction causes the contents of some specified memory 
location to be transferred to the accumulator. The “store accumulator’ 
instruction causes the contents of the accumulator to be stored at some 
specified Jocation in memory. 


The data register is a temporary storage location for data going to or 
coming from the data bus. For example, it holds an instruction while the 
instruction is being decoded. Also, it holds a data byte while the word is 
being stored in memory. 


The MPU also contains several other important registers and circuits: the 
address register, the program counter, the instruction decoder, and the 
controller-sequencer. These are shown in Figure 2-4. 


The address register is another temporary storage location. It holds the 
address of the memory location or I/O device that is used in the operation 
presently being performed. 


The program counter controls the sequence in which the instructions in 
a program are performed. Normally, it does this by counting in the 
sequence, 0, 1, 2, 3, 4, etc. At any given instant, the count indicates the 
Jocation in memory from which the next byte of information is to be 
taken. 


The instruction decoder does just what its name implies. After an in- 
struction is pulled from memory and placed in the data register, the 
instruction is decoded by this circuit. The decoder examines the 8-bit 
code and decides which operation is to be performed. 
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The controller-sequencer produces a variety of control signals to carry 
out the instruction. Since each instruction is different, a different combi- 
nation of control signals is produced for each instruction. This circuit 
determines the sequence of events necessary to complete the operation 
described by the instruction. 


Later you will see how these various circuits work together to execute 
simple programs. But first, take a closer look at the memory for our 
microcomputer. 


Memory 


A simplified diagram of the 256- word, 8-bit read/write memory that is 
used in our hypothetical microcomputer is shown in Figure 2-6. The 
memory consists of 256, locations, each of which can store an 8-bit word. 
This size memory is often referred to as 256 x 8. Aread/write memory is 
one in which data can be written in and read out with equal ease. 
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Figure 2-6 
The Random Access Memory. 


Two buses and a number of control lines connect the memory with the 
microprocessing unit. The address bus will carry an 8-bit binary number, 
which can specify 256, locations, from the MPU to the memory address 
decoder. Each location is assigned a unique number called its address. 
The first location is given the address 0. The last location is given the 
address 255,), which is 1111 1111 in binary and FF in hexadecimal. A 
specific location is selected by placing its 8-bit address on the address 
bus. The address decoder decodes the 8-bit number and selects the proper 
memory location. 
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The memory also receives a control signal from the MPU. This signal tells 
the memory the operation that is to be performed. A READ signal indi- 
cates that the selected location is to be read out. This means that the 8-bit 
number contained in the selected location is to be placed on the data bus 
where it can be transferred to the MPU. 


The procedure is illustrated in Figure 2-7. Assume that the MPU is toread 
out the contents of memory location 04,,. Let’s further assume that the 
number stored there is 97,.. First, the MPU places the address 04,, on the 
address bus. The decoder recognizes the address and selects the proper 
memory location. Second, the MPU sends a READ signal to the memory, 
indicating that the contents of the selected location is to be placed on the 
data bus. Third, the memory responds by placing the number 97,, on the 
data bus. The MPU can then pick up the number and use it as needed. 
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Figure 2-7 
Reading from Memory. 


It should be pointed out that the process of reading out amemory location 
does not disturb the contents of that location. That is, the number 97 ,, 
will! still be present at memory location 04 after the read operation is 
finished. This characteristic is referred to as nondestructive readout 
(NDRO). It is an important feature because it allows us to read out the 
same data as many times as needed. 
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The MPU can also initiate a WRITE operation. This procedure is illus- 
trated in Figure 2-8. During a WRITE operation, a data word is taken from 
the data bus and placed in the selected memory location. For example, 
let’s see how the MPU can store the number 52,, at memory location 03. 
First, the MPU places the address 03 on the address bus. The decoder 
responds by selecting memory location 03. Second, the MPU places the 
number 52, on the data bus. Third, the MPU sends the WRITE signal. The 
memory responds by storing the number contained on the data bus in the 
selected location. That is, 52,, is stored in location 03. The previous 
contents of the selected location are lost as the new number is written in 
that location. 
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Figure 2-8 
Writing into Memory. 


The accepted name for a memory of this type is Random Access Memory 
(RAM). “Random access’ means that all memory locations are equally 
accessible. However, in recent years RAM has come to mean a random 
access read/write memory. As you will see later, there is another type of 
memory called aread only memory (ROM). It is also randomly accessible, 
but it does not have a write capability. Today, the accepted definition of 
RAM is a random access read/write memory. A read only memory, 
although it is randomly accessible, is called a ROM and never a RAM, 
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Fetch-Execute Sequence 


When the microcomputer is executing a program, it goes through a 
fundamental sequence that is repeated over and over again. Recall that a 
program consists of instructions that tell the microcomputer exactly what 
operations to perform. These instructions must be stored in an orderly 
manner in memory. Instructions must be fetched, one at a time, from 
memory by the MPU. The instruction is then executed by the MPU. 


The operation of the microcomputer can be broken down into two phases, 
as shown in Figure 2-9. When the microprocessor is initially started, it 
enters the fetch phase. During the fetch phase, an instruction is taken 
from memory and decoded by the MPU. Once the instruction is decoded, 
the MPU switches to the execute phase. During this phase, the MPU 
carries out the operation dictated by the instruction. 
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Figure 2-9 
The Fetch-Execute Sequence. 


The fetch phase always consists of the same series of operations. Thus, it 
always takes the same amount of time. However, the execute phase will 
consist of different sequences of events, depending on what type of 
instruction is being executed. Thus, the time of the execute phase may 
vary considerably from one instruction to the next. 


A Sample Program 


Now that you have a general idea of the registers and circuits found ina 
microcomputer, we will examine how all these circuits work together to 
execute a simple program. At this point, we are primarily interested in 
showing you how the microcomputer operates. Therefore, the program 
will be a very trivial one. 
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Let’s see how the computer goes about solving a problem like 7 + 10 = ? 
While this seems like an incredibly easy problem, the computer, if left to 
its own resources, does not have the foggiest notion of how to solve it. 
You must tell the computer how to solve the problem right down to the 
smallest detail. You do this by writing a program. 


Before you can write the program you must know what instructions are 
available to you and the computer. Every microprocessor comes with a 
listing of its instruction set. Assume that, after looking over the list, you 
decide that three instructions are necessary to solve the problem. These 


three instructions and a description of what they do are shown in Figure 
2-10. 


| NAME MNEMONIC OPCODE DESCRIPTION 


Load Accumulator 1000 0110, Load the contents of the next memory 
or location into the accumulator. 
86. 


1000 1011, Add the contents of the next memory 


or location to the present contents of the 
8B... accumulator. Place the sum in the 
accumulator. 


0011 1110. Stop all operations. 
or 
3Ei4 





Figure 2-10 


Instructions Used in the Sample Program. 


The first column in the table gives the name of the instruction. When 
writing programs, it is often inconvenient to write out the entire name. 
For this reason, each instruction is given an abbreviation or amemory aid 
called a mnemonic. The mnemonics are given in the second column. The 
third column is called the operation code or opcode. This is the binary 
number that the computer and the programmer use to represent the 
instruction. The opcode is given in both binary and hexadecimal form. 
The final column describes exactly what operation is performed when 
the instruction is executed. Study this table carefully; you will be using 
these instructions over and over again. 
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Assume that you wish to add 7 to 10,) and place the sum in the ac- 
cumulator. The program is an elementary one. First you will load 7 into 
the accumulator with the LDA instruction. Next, you will add 10, to the 
accumulator using the ADD instruction. Finally, you will stop the com- 
puter with the HLT instruction. 


Using the mnemonics and the decimal representation of the numbers to 
be added, the program looks like this: 


LDA 7 
ADD 10 
HLT 


Unfortunately, the basic microcomputer cannot understand mnemonics 
or decimal numbers. It can interpret binary numbers and nothing else. 
Thus, you must write the program as a sequence of binary numbers. You 
can do this by replacing each mnemonic with its corresponding opcode 
and each decimal number with its binary counterpart. 


That is: 
LDA 7 becomes 1000 0110 0000 0111 
opcode from binary representation 
Figure 2-10 for 7 
And: 
ADD 10 becomes 1000 1011 0000 1010 
opcode from binary representation 
Figure 2-10 for 101 
Finally, 
HLT becomes 0011 1110 
opcode from 
Figure 2-10 


Notice that the program consists of three instructions. The first two 
instructions have two parts: an 8-bit opcode followed by an 8-bit operand. 
The operands are the two numbers that are to be added (7 and 10,)). 
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Recall that the microprocessor and memory work with 8-bit words or 
bytes. Because the first two instructions consist of 16-bits of information, 
they must be broken into two 8-bit bytes before they can be stored in 
memory. Thus, when the program is stored in memory, it will look like 
this: 


(1000 0110 Opcode for LDA 

|0000 0111 Operand (7) 
1000 1011 Opcode for ADD 

|0000 1010 Operand (10,9) 


1st Instruction 


2nd_ Instruction 


3rd_Instruction 0011 1110 Opcode for HLT 


Five bytes of memory are required. You can store this 5-byte program any 
place in memory you like. Assuming you store it at the first five memory 
locations, the memory can be diagrammed as shown in Figure 2-11. 








ADDRESS MEMORY 
BINARY 
HEX BINARY CONTENTS MNEMONICS/CONTENTS 
00 0000 0000 10000110 LDA 
01 0000 0001 0000111 7 
02 0000 0010 0001011 ADD 
03 0000 0011 0.001010 10, 
04 0000 0100 HLT 


FD 1111 1101 
FE 1111 1110 
FF 111714111 





Figure 2-11 
The Program in Memory. 


Notice that each memory location has two 8-bit binary numbers as- 
sociated with it. One is its address, the other is its contents. Be careful not 
to confuse these two numbers. The address is fixed. It is established when 


the microcomputer is built. However, the contents may be changed at any 
time by storing new data. 


Before you see how this program is executed, let’s review the material 
covered in this section. 
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Self-Test Review 


12. The circuit in the microprocessor that performs arithmetic and 
logic operations is called the 


13. The numbers that are operated upon by the computer are called 

14. Where are the two operands held as they are transferred to the 
ALU? 

15. Where is the result held after an arithmetic operation? 


16. Which register in the MPU holds the instruction while the opcode 
is being decoded? 


17. Which circuit in the MPU determines the memory location from 
which the next byte of information will be taken? 


18. Which register holds the address while it is being decoded? 
19. How many memory locations can be specified by an 8-bit address? 


20. Explain the 3-step procedure for writing the number 34,, into 
memory location 9. 


21. Define mnemonic. 
22. Define opcode. 


23. Define RAM. 


24. An instruction is retrieved from memory and decoded during the 
phase. 


25. The operation indicated by the instruction is carried out during the 
phase. 


26. In our hypothetical microcomputer, the mnemonic for the load 
accumulator instruction is 


27. The opcode for the halt instruction is 


28. Whenthe ADD instruction is executed, where is the SUM stored? 
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29. How many memory locations are required to store the following 


program? 
LDA 134 
ADD 17, 
ADD 104 
HLT 


30. What will be the contents of the accumulator after this program is 
executed? 
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Answers 
12. Arithmetic logic unit (ALU). 
13. Operands. 
14. One is held in the accumulator; the other in the data register. 
15. In the accumulator. 
16. Data register. 
17. The program counter. 
18. The address register. 
19. 28 = 2564. 
20. Step 1. The address 9 is placed on the address bus. 
Step 2. The data 34,, is placed on the data bus. 
Step 3. The read/write line is switched to the write state. 
21. A mnemonic is an abbreviation or memory aid. 


22. Anopcode is a binary number that tells the microproces- 
sor which instruction to execute. 


23. RAM hascometo mean arandom access read/write mem- 
ory. 


24. Fetch. 

25, Execute. 

2b: LDA. 

27. 0011 1110,. 

28. In the accumulator. 
29. Seven. 


30. 40,9 or 101000,. 
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EXECUTING A PROGRAM 


Before a program can berun, it must be placed in memory. Later, you will 
see how this is done. For now, assume that we have already loaded the 
program developed in the previous section. 


The important registers of the microcomputer are shown in Figure 2-12. 
Notice that our 5-byte program for adding 7 and 10,,is shown in memory. 
The following paragraphs will take you through the step-by-step proce- 
dure by which the computer executes this program. 
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Figure 2-12 
The Program Counter is Set to the Ad- 
dress of the First Instruction. 


To begin executing the program, the program counter must be set to the 
address of the first instruction. In this case, the first instruction is in 
memory location 0000 0000, so the program counter is set accordingly. 
The procedure for setting the program counter to the proper address will 
be discussed later. 
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The Fetch Phase 


The first step is to fetch the first instruction from memory. The sequence 
of events that happen during the fetch phase is controlled by the 
controller-sequencer. It produces a number of control signals which will 
cause the events illustrated in Figure 2-13 through 2-17 to occur. 


First the contents of the program counter are transferred to the address 
register as shown in Figure 2-13. Recall that this is the address of the first 
instruction. 
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Figure 2-13 
The Contents of the Program Counter 
are Transferred to the Address Regis- 
ter. 
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Once the address is safely in the address register, the program counter is 
incremented by one. That is, its contents change from 0000 0000 to 0000 
0001 (Figure 2-14). Notice that this does not change the contents of the 
address register in any way. 
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Figure 2-14 


The Program Counter is Incremented. 
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Next, the contents of the address register (0000 0000) are placed on the 


address bus (Figure 2-15). The memory circuits decode the address and 
select memory location 0000 0000. 
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Figure 2-15 
The Address of the First Instruction is 
Placed on the Address Bus. 
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The contents of the selected memory location are placed on the data bus 
and transferred to the data register in the MPU. After this operation, the 
opcode for the LDA instruction will be in the data register as shown in 
Figure 2-16. 
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Figure 2-16 
The Opcode of the First Instruction is 
Placed on the Data Bus. 
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The next step is to decode the instruction (Figure 2-17). The opcode is 
transferred to the instruction decoder. This circuit recognizes that the 
opcode is that of an LDA instruction. It informs the controller-sequencer 
of this fact and the sequencer produces the necessary control pulses to 


carry out the instruction. This completes the fetch phase of the first 
instruction. 
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Figure 2-17 
The Opcode is Decoded. 
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The Execute Phase 


The first instruction was fetched from memory and decoded during the 
fetch phase. The MPU now knows that this is an LDA instruction. During 
the execute phase, it must carry out this instruction by reading out the 
next byte of memory and placing it in the accumulator. 


The first step is to transfer the address of the next byte from the program 
counter to the address register (Figure 2-18). You will recall that the 
program counter was incremented to the proper address (0000 0001) 
during the previous fetch phase. 
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Figure 2-18 
The Contents of the Program Counter 
are Transferred to the Address 
Register. 
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The next two operations are shown in Figure 2-19. First, the program 
counter is incremented to 0000 0010 in anticipation of the next fetch 


phase. Second, the contents of the address register (000 0001) are placed 
on the address bus. 
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Figure 2-19 
The Program Counter is Incremented; 
the Contents of the Address Register 
are Placed on the Address Bus. 
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The address is decoded and the contents of memory location 0000 0001 
are loaded into the data register as shown in Figure 2-20. Recall that this 
is the number 7. An instant later, the number is transferred to the ac- 
cumulator. Thus, the first execute phase ends with the number 7 in the 
accumulator. 
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Figure 2-20 
The First Operand is Transferred to the 
Accumulator Via the Data Register. 


Fetching the Add Instruction 


The next instruction in our program is the ADD instruction. It is fetched 
from memory using the same procedure outlined above. Figure 2-21 
illustrates this five-step procedure: 


1. Thecontents of the program counter (0000 0010) are transferred 
to the address register. 


MICROPROCESSOR 


2. The program counter is incremented to 0000 0011. 


3. The address is placed on the address bus. 


4. The contents of the selected memory location are transferred to 


the data register. 


5. Thecontents of the data register are decoded by the instruction 


decoder. 
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The data word fetched from memory is the opcode for the ADD instruc- 
tion. Thus, the controller-sequencer produces the necessary control 
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Figure 2-21 
Fetching the ADD Instruction. 
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Executing the Add Instruction 


The execution of the ADD instruction is a six-step procedure. This proce- 
dure is illustrated in Figure 2-22. 


1. 


5A. 


5B. 


The contents of the program counter (0000 0011) are transfer- 
red to the address register. 


The program counter is incremented to 0000 0100 in anticipa- 
tion of the next fetch phase. 


The address of the operand is placed on the address bus. 
The operand (10,)) is transferred to the data register. 
The operand (10,,) is transferred into one input of the ALU. 


Simultaneously, the other operand (7) is transferred from the 
accumulator to the other input of the ALU. 


The ALU adds the two operands. Their sum (0001 0001, or 
17,9) is loaded into the accumulator, destroying the number (7) 
that was previously stored there. 
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Figure 2-22 
Executing the ADD Instruction. 


The computation portion of our program ends with the sum of the two 
operands in the accumulator. However, the program is not finished until 
it tells the computer to stop executing instructions. 
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Fetching and Executing the HLT Instruction 


The final instruction in the program is a HLT instruction. It is fetched 
using the same fetch procedure as before. The five steps are illustrated in 
Figure 2-23. The address comes from the program counter via the address 
register. When this address is placed on the address bus, memory loca- 
tion 0000 0100 is read out and the opcode for HLT is loaded into the data 
register. The opcode is decoded and the instruction is executed. 


The execution of the HLT instruction is very simple. The controller- 
sequencer simply stops producing control signals. Consequently, all 
computer operations stop. Notice that the program has accomplished our 
objective of adding 7,) to 10,9. The resulting sum, 17,9, is in the ac- 
cumulator. 
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Figure 2-23 
Fetching and Executing the HLT 
Instruction. 
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Self-Test Review 


Examine this sample program carefully and answer the questions below: 
LDA 8 
ADD 7 
ADD 4 
HLT 


31. During the first fetch phase, what binary number is loaded into the 
data register? 


32. During the first execute phase the number 0000 1000, is loaded into 
the 


33. During the second fetch phase, what binary number is loaded into 
the data register? 


34. Ifthe first byte of the program is placed in address 0000 0000, what 
is the address of the first ADD instruction’? 


35. How many bytes of memory are taken up by the program? 
36. What number is in the accumulator during the third fetch phase? 


37. When the program is finished running, what number is in the 
accumulator? 


38. What is the final number in the program counter? 
39. What are the final contents of the address register? 


40. What are the final contents of the data register? 
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Answers 

31. The opcode for the LDA instruction, 1000 0110,. 
32. Accumulator. 

33. The opcode for ADD, 1000 1011. 

34. 0000 0010,. 

35. Seven. 

36. 15,9 or 0000 1111,. 

37. 19, or 0001 0011,. 

38. 7,1) or 0000 0111.. 

39. 6,9 or OOOO 01104. 


40. The opcode for the HLT instruction, 0011 1110,. 
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ADDRESSING MODES 


If you examine the program discussed in the previous section, you will 
find that it uses two distinctly different types of instructions. One type of 
instruction requires an operand. LDA and ADD are examples of this type. 
These are two-byte instructions. The first byte is the opcode; the second is 
the operand. 


Microprocessors also have single-byte instructions. HLT is a good exam- 
ple. This instruction requires no operand; thus, it can be implemented 
with a single byte. 


Instructions can be classified in several different ways. One of the most 
basic distinctions is their addressing mode. The addressing mode refers 
to the method by which an instruction addresses its operand. 
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Inherent or Implied Addressing 


Single-byte instructions have no operand or the operand is implied by the 
opcode itself. For example, the HLT instruction has no operand at all. 
However, some single-byte instructions may have an implied operand. 
An example is the ‘increment accumulator” instruction. The number 
that is operated upon (incremented) is the number in the accumulator. 
This instruction simply adds one to the contents of the accumulator. This 
type of addressing will be referred to in this course as implied addressing 
or inherent addressing. The operations performed during an instruction 
of this type are illustrated in Figure 2-24. 
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Figure 2-24 
Operations Performed in the Inherent 
or Implied Addressing Mode. 
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Immediate Addressing 


In our previous program, the two-byte instructions use the immediate 
addressing mode. In this mode, the operand is the byte immediately 
following the opcode. That is, the byte of data that is to be operated upon 
is the second byte of the instruction. When these two-byte instructions 
are stored in memory, the address of the operand is the memory location 
following the opcode. The operations performed during this type of 
instruction are illustrated in Figure 2-25. 
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Figure 2-25 
Operations Performed in the Im- 
mediate Addressing Mode. 
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The inherent and immediate addressing modes have two advantages. 
First, they require little memory space; one and two bytes respectively. 
This is important because memory locations cost money. Generally, the 
less memory space taken by a program, the better off we are. Second, 
these addressing modes require a minimum of execution time. The 
execution time can become important in long programs. 


The time required for an instruction to be fetched and executed is often 
given in MPU cycles. We will define an MPU cycle as the minimum time 
required to fetch a data byte from memory. Thus, the fetch phase of an 
instruction requires one MPU cycle. In inherent and immediate addres- 
sing modes, the execute phase also requires one MPU cycle. Therefore, 
the minimum time required to fetch and execute any instruction is two 
MPU cycles. As you will see later, other addressing modes will require 
more MPU cycles. 


Because of their fast execution time and their efficient use of memory, the 
inherent and immediate modes of addressing should be used wherever 
possible. However, there are many situations in which these addressing 
modes are simply not suitable. For this reason, every microprocessor will 
have instructions which use other addressing modes. 


Direct Addressing 


Most computer operations involve an operand. To realize its full poten- 
tial, the computer must be able to manipulate the operand in many 
different ways. Immediate addressing of an operand is most useful when 
the operand is a constant that is used by only one instruction in the 
program. In this case, the operand can be placed immediately after that 
instruction’s opcode. 


However, there are many cases in which the operand is a variable which 
may be operated upon by many different instructions. In these cases, the 
immediate addressing mode is simply not practical and a more sophisti- 
cated form of addressing is necessary. 
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One way of solving this problem is to use the direct addressing mode. In 
this mode, an instruction requires two bytes of memory. The first byte is 
the opcode of the instruction just as before. However, the second byte is 
not the operand. Instead, the second byte is the address of the operand. 
The format of the instruction as it appears in memory is shown in Figure 
2-26. 


secono Byte] [| | | | | | | [AodoRess oF OPERAND 


Figure 2-26 
Format of an Instruction which uses 
the Direct Addressing Mode. 


Three typical direct-addressing-mode instructions are listed in Figure 
2-27. The first is the load accumulator instruction (LDA). Read the de- 
scription carefully and note the difference between this instruction and 
the LDA immediate instruction discussed earlier. An example of each 
may help. In the immediate addressing mode, the instruction 


LDA 5040 
means ‘‘load 50,, into the accumulator.” But in the direct addressing 


mode, the same instruction means ‘‘]oad the number at memory location 
50,9 into the accumulator.” 


Load Accumulator 1001 0110, Load the contents of the memory 
or location whose address is given by 
9616 the next byte into the accumulator. 


1001 1011, Add the contents of the memory location 
or whose address is given by the next byte 
9B. to the present contents of the accumulator. 
Place the sum in the accumulator. 


Store Accumulator 1001 0111, Store the contents of the accumulator in 
or the memory location whose address is 
97 given by the next byte. 





Figure 2-27 
Direct Addressing Mode Instructions. 
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You may have noticed that this instruction has a different opcode from 
the LDA immediate instruction. This is necessary to tell the MPU the 
exact nature of the instruction. That is, the opcode tells the MPU the 
addressing mode as well as the operation that is to be performed. 


The ADD instruction also has a slightly different meaning in the direct 
addressing mode. Recall that, in the immediate addressing mode, 


ADD 10, 


means ‘add 10,, to the contents of the accumulator.”’ However, in the 
direct addressing mode. 


ADD 10, 


means “add the contents of memory location 10,) to the contents of the 
accumulator.” Once again, the opcode tells the MPU the addressing 
mode. An opcode of 8B,, means ADD immediate whereas an opcode of 
9B,, means ADD direct. 


The last instruction shown is a store accumulator (STA) instruction. It 
tells the MPU to store the contents of the accumulator in the address 
indicated by the second byte of the instruction. 

For example: 


STA 2045 


means “store the contents of the accumulator in memory location 204.” 
Because the second byte of the instruction must be an address, there is no 
STA immediate instruction. 
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The direct addressing mode instructions require one or more additional 
MPU cycles to execute. A typical fetch-execute sequence is illustrated in 
Figure 2-28. The instruction fetch is the same regardless of the addressing 
mode. However, the execution phase is extended since the MPU must 
first obtain the address of the operand from memory and then retrieve the 
operand itself from memory. 
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Figure 2-28 
Most Direct Addressing Mode Instruc- 
tions Require Three MPU Cycles. 


Direct addressing generally requires more memory and longer execution 
times. However, there are many cases in which the added flexibility 
makes direct addressing worthwhile in spite of these disadvantages. 
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Sample Program Using Direct Addressing 


The differences between direct and immediate addressing can be illus- 
trated by a sample program. Earlier we examined a program which added 
two numbers (7 and 10). The sum was placed in the accumulator. Now 
let’s look at the same program using direct addressing, only this time the 
sum will be stored in memory. 


Figure 2-29 shows the program as it would look when stored in memory. 
Assume that we have arbitrarily stored the program starting at memory 
location or address 0001 0000, (16,,). Addresses 16,, and 17,, contain the 
first instruction: 


LDA 2 3 10 


BINARY BINARY MNEMONICS/ 
ADDRESS CONTENTS CONTENTS 


0001 0000 1001 0110 LDA | , 
0001 0001 0001 0111 tee 
0001 0010 1001 1011 BOD) eee, ee 
0001 0011 0001 1000 24, | 

0001 0100 1001 0111 STA | sure, 
0001 0101 0001 1001 2510 

0001 0110 0011 1110 HLT } 4th instruction 
0001 0111 0000 0111 zs 
0001 1000 0000 1010 10) 


Data 
0001 1001 0000 0000 Reserved for sum 





Figure 2-29 
Sample Program Using Direct Addres- 
sing. 
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This instruction tells the MPU to load the contents of memory location 
23,9 into the accumulator. Looking down to address 23, (0001 01119), 
you see that it contains the operand 7. Thus, the first instruction causes 7 
to be loaded into the accumulator. 


The second instruction is in memory locations 18,) and 199. It is: 
ADD 24,5 


This tells the MPU to add the number at address 24,,) to the number in the 
accumulator. Address 24 ,,. (0001 1000.) contains the number 10,9. There- 
fore, the second instruction causes 10,) to be added to the contents of the 
accumulator. The sum (17,9) is placed back in the accumulator. 


The third instruction, in locations 20,) and 21,9, is: 
STA 251 


This tells the MPU to store the contents of the accumulator in memory 
location 25,9. After this instruction is executed, the number 17,9 will 
appear in location 2549. 


The final instruction tells the MPU to halt. The program illustrates the 
value of the HLT instruction. Let’s assume that the HLT instruction is 
inadvertently omitted. In this case, the MPU would fetch the next byte in 
sequence and attempt to execute it as if it were an instruction. The next 
byte is the number 7,9. This is a data word and was never intended to bean 
instruction. Nevertheless, the MPU probably has an instruction with an 
opcode of 7,9. After executing this instruction, the MPU will continue to 
fetch and execute whatever it finds in the remaining memory locations. 
Without a HLT instruction, it has no way of knowing where the instruc- 
tions end and data begins. 
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Executing the Sample Program 
The data flow within the microcomputer is slightly different for the direct 
addressing mode. Figure 2-30 shows several of the data paths within the 


microcomputer. Using this type of diagram, let’s examine the data ma- 
nipulations that occur during the execution of our sample program. 


Notice that our program is loaded in memory starting at address 16,9. The 
program counter is set to 16,9, so the MPU is ready to begin executing the 
program. 


The first fetch phase is illustrated in Figure 2-30. During this phase: 


1. The contents of the program counter are loaded into the address 
register. 


2. The program counter is incremented to 17 po. 


3. The contents of the address register are placed on the address 
bus. 


4. The contents of the selected memory location are transferred 
via the data bus to the data register. 


5. The contents of the data register are decoded. 


6. The MPU recognizes that an LDA direct operation is indicated. 
This concludes the fetch phase. 
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Figure 2-30 
Fetching the Opcode of the First In- 
struction. 
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The execute phase has two parts when direct addressing is indicated. 
Figure 2-31 illustrates the first half of the execute phase. During this half: 


1. 


The contents of the program counter are transferred to the ad- 
dress register. This number is the memory location that holds 
the address of the operand. 


The program counter is incremented to 1849. 


The contents of the address register are placed on the address 
bus. 


The contents of the selected memory location are placed on the 
data bus. However, in the direct addressing mode, this data is 
transferred to the address register. Thus, 23,9 goes into the 
address register, replacing the previous contents. After this cy- 
cle, the address register will appear as shown in Figure 2-32. 
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Figure 2-31 
Fetching the Address of the First Operand 
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During the second half of the execute phase, the operand is loaded into 
the accumulator as shown in Figure 2-32. The procedure is: 


1. The address of the operand which is in the address register is 
placed on the address bus. 


2. The operand is read out of memory location 23,9 and is transfer- 
red via the data bus to the data register. 


3. The operand is transferred from the data register to the ac- 
cumulator. 


This completes the execution of the first instruction. Notice that the first 
operand (7,9) is now in the accumulator. 
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Figure 2-32 
Fetching the First Operand. 
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The fetch phase for the second instruction is similar to that of the first. As 
shown in Figure 2-33, it causes the opcode of the ADD instruction to be 
read out of address 18,9. The opcode is transferred to the instruction 
decoder via the data bus and data register. In the process, the program 
counter is incremented to 19,4. 
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Figure 2-33 
Fetching the Opcode of the Second 
Instruction. 
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The first half of the execute phase is illustrated in Figure 2-34. Here, the 
address of the second operand is read out of memory location 19,, and is 
placed in the address register. 
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Figure 2-34 
Fetching the Address of the Second Operand. 
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Figure 2-35 illustrates the second cycle of the execute phase. Here the 
address of the second operand is transferred from the address register to 
the address bus. The address is 24,). Therefore, the contents of location 
24,) are placed on the data bus and transferred to the data register. That is, 
the second operand 10,); is loaded into the data register. Then, the 
operand from the data register is made available at one input to the ALU. 
Simultaneously, the first operand which has been waiting in the ac- 
cumulator is made available at the other input to the ALU. The ALU adds 
the two operands together, producing a result of 17,9. This sum is put 
back in the accumulator, replacing the previous number. 
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Figure 2-35 
Adding the Two Operands. 
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Now all that remains is to place the sum in memory. This is done by the 
STA 25,9 instruction. Since this is the next instruction in sequence, it will 
be fetched and executed next. The fetch phase is illustrated in Figure 
2-36. It ends with the STA opcode being decoded. 
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Figure 2-36 
Fetching the Third Opcode. 
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The first half of the execution phase of the STA instruction involves 
loading the address of the storage location into the address register. 
Figure 2-37 illustrates that this four-step procedure is identical to that 
performed for the previous two instructions. It ends with the address 2549 
in the address register. 
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Figure 2-37 
Fetching the Third Address. 
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During the final half of the execute phase, the contents of the accumulator 
are transferred to the data register and are then stored in the selected 
memory location. We have not yet discussed this operation in detail. 
Therefore, the step-by-step procedure is presented below. Refer to Figure 
2-38 for the following steps: 


1. Thecontents of the accumulator (17,9) are transferred to the data 
register. At this point, the number 17,) exists in both the ac- 
cumulator and the data register. 


2. The address at which this data is to be stored is placed on the 
address bus. 


3. The contents of the data register are placed on the data bus. 


4. The number on the data bus is written into the selected memory 
location. That is, 17,9 is written into memory location 254. 


Notice that, after this operation, the number 17,) appears at memory 
location 25,9, but it also appears in the accumulator. Thus, the number is 
merely ‘“‘copied”’ into memory. It is also important to note that the previ- 
ous contents of memory location 25,) are lost whenever you write new 
data into this location. For this reason, you must be certain that you donot 
write into a location that contains an instruction or some byte of data that 
you will need later. 


The program has now accomplished its goal. It has added 10 to 7 and has 
stored the sum back in memory. The last step in the program is the HLT 
instruction. The MPU fetches and executes this instruction next. The 
fetch and execute sequence for this instruction were discussed earlier 
and need not be repeated here. 
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Figure 2-38 
Storing the Sum. 
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Combining Addressing Modes 


When writing programs, you can use the addressing mode that best suits 
your application. For example, the program that was just discussed can 
be shortened by using the immediate addressing mode with the first two 
instructions. Figure 2-39 compares two programs that do the same job. 


Using direct addressing only, the program required ten bytes of memory. 
Its execution requires eleven MPU cycles. If you use immediate address- 
ing for the first two instructions, the program requires eight bytes of 
memory. Furthermore, it can be executed in nine MPU cycles. Everything 
else being equal, the second approach would probably be preferred. 


MICROPROCESSOR 


A. USING DIRECT ADDRESSING 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS CONTENTS 


COMMENTS 


Load accumulator direct with operand 1 
which is stored at this address. 

Add to accumulator direct with operand 2 
which is stored at this address. 

Store the sum 

at this address. 

Stop 

Operand 1 

Operand 2 

Reserved for sum. 





B. COMBINING ADDRESSING MODES 


Load accumulator immediately with 
Operand 1. 
Add to accumulator immediately with 


Operand 2. 

Store the sum 

at this address. 
Stop 

Reserved for sum. 
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Figure 2-39 
By Combining the Addressing Modes, 
We Can Save Memory Space And 
Computer Time. 
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Self-Test Review 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


What addressing mode is used by single byte instructions? 


In the immediate addressing mode, what is the second byte of the 
instruction? 


In the direct addressing mode, what is the second byte of the 
instruction? 


In all addressing modes, what is the first byte of the instruction? 
Define MPU cycle. 


Which of the three addressing modes discussed so far requires the 
longest execution time? 


Refer to Figure 2-39A. What number is loaded into the accumulator 
by the first instruction? 


What number is added to the accumulator by the second instruc- 
tion? 


When the computer halts, what number will be in memory location 
09? 


Refer to Figure 2-39B. When the computer halts, what number will 
be in memory location 07? 
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Answers 

41. Inherent or implied. 

42. The operand. 

43. The address of the operand. 

44. The opcode. 

45. An MPU cycle is the time required to fetch a byte from memory. 
46. The direct addressing mode. 

47. 2146 OF 334. 

48. 1746 OF 2349. 

49. 3816 OF 564. 


50. 38,6 OF 5684p. 


! 
2-68 buvtwo——————————sS______sieroprocessors 
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10. 


11. 


12. 


13. 


UNIT 2 SUMMARY 


A microprocessor is a logic device that is used in digital electronic 
systems. 


The microprocessor is the “brains” of the microcomputer. It per- 
forms arithmetic, logic, and control operations. 


The microcomputer is composed of RAM, ROM, a clock, and an 
I/O interface. 


Parallel conductors within the microcomputer that carry address 
and data information are called a bus. 


The microcomputer communicates with the “outside world” 
through one or more I/O ports. 


The operation of the microprocessor is controlled by a list of 
instructions called a program. 


One who writes these instructions is called a programmer. 


The computer program is stored outside of the computer and later 
loaded into memory when needed to perform an operation. This 
is known as the stored program concept. 


A computer word is a group of binary bits. It is the fundamental 
unit of information used in the computer. 


The most common word length is eight bits. Thus, an 8-bit binary 
word can have any one of 2569 unique values. It can also repre- 
sent any of the 128 ASCII code characters. 


Some microprocessors use a 4-bit word length, while others may 
use a 12- or 16-bit word length. 


A 16-bit word can represent 65,5369 unique values. 


The 8-bit word length defines the size of many different compo- 
nents in the microprocessor/microcomputer system. Many impor- 
tant microprocessor registers have an 8-bit capacity, and the bus 
which is used to transfer data words consists of eight parallel 
conductors. 
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Microprocessors that use 16-bit words also use 8-bit segments 
of data. These 8-bit segments are called bytes. 


A 16-bit word is composed of two 8-bit bytes. The first eight 
bits in a 16-bit word is called the low byte, while the last eight 
bits is called the high byte. 


The bits in an 8-bit byte or word are numbered from 0 through 
7, with 0 being the least significant bit. In a 16-bit word, the 
bits are numbered from 0 through 15. 


The microprocessor (MPU) contains many specialized circuits. 
They include the data register, the instruction decoder, the con- 
troller-sequencer, arithmetic logic unit (ALU), program counter, 
address register, and accumulator. 


The ALU performs arithmetic or logic operations on the data sup- 
plied to the MPU. The data supplied to the ALU are called 
operands. 


The accumulator is a specialized register that performs two func- 
tions. First, it is used to hold an operand before it is processed 
by the ALU. Second, it is used to store the result of the ALU 
process. 


Specific MPU instructions load data into the accumulator from 
memory and store data from the accumulator into memory. 


The data register is a temporary storage location for data going 
to or coming from the data bus. 


The address register is a temporary storage location that holds 
the address of the memory location or I/O port that is used in 
the operation that is presently being performed. 


The program counter controls the sequence the instructions in 
a program are executed. 


The instruction decoder decodes the instruction pulled from 
memory to determine the operation the MPU will perform. 


The controller-sequencer determines the sequence of events nec- 
essary to complete the operation described by the program in- 
struction. 
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26. Memory is a series of locations outside the MPU where program 
data and instructions are stored. If the MPU operates on 8-bit words, 
each memory location contains storage for eight bits of data. 


27. Memory size is identified by the number of storage locations and the 
number of data bits that can be stored in one location. A 256 x 8 
memory contains 256,, storage locations, each eight bits wide. 


28. Two buses connect memory to the MPU. One bus is used to transfer 
data to and from the MPU, the other is used by the MPU to address a 
specific memory location. 


29. Reading the contents of a memory will not destroy the contents of 
that memory location. This is known and nondestructive read-out 
(NDRO). 


30. You can read from or write to random access memory (RAM). 
31. You can only read from read only memory (ROM). 


32. When executing a program, the MPU goes through a fundamental 
sequence of steps or phases called the fetch-execute sequence. 


33. In the fetch phase, the MPU reads and decodes an instruction from 
memory. 


34. In the execute phase, the MPU performs the operation described by 
the instruction. The time to perform the operation will vary with the 
operation. 


35. A mnemonic is an abbreviation or memory aid used by a program- 
mer for identifying an instruction. 


36. An opcode is the number or value assigned to mnemonic. Each 
mnemonic has its own opcode. This is the information that is 
decoded by the MPU. 


37. An instruction operand is the data that the MPU will process during 
the execution of an instruction. 
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38. The time required for an instruction to be fetched and executed 
is often given in MPU cycles. 


39. An instruction addressing mode refers to the method the MPU 
uses to address an instruction’s operand. 


40. In the inherent or implied addressing mode, the instruction has 
no operand or the operand is implied by the instruction opcode. 


41. In the immediate addressing mode, the operand is stored in the 
next sequential memory location following the instruction op- 
code. 


42. In the direct addressing mode, the next sequential memory loca- 
tion does not contain the operand. Rather, it contains the address 
of the operand, or the address of the memory location where the 
operand will be stored. 


43. Many instructions can be written using different addressing 
modes. That is, you can use immediate addressing to add a value 
to the accumulator or you can use direct addressing to add a 
value to the accumulator. 
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Perform Experiment 3 at the end of Book 2. 
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INTRODUCTION 


In this Unit you will complete your study of the binary number system. 
Since microprocessors use binary numbers for data and control, it is 
important that you become familiar with them. 


Computer arithmetic involves many forms of number manipulation. In 
the pages that follow you will be given the fundamentals of binary 
mathematics, addition, subtraction, multiplication, and division. Then 
you will learn to perform two’s complement arithmetic using binary 
numbers. Finally, you will be shown how the microprocessor performs 
the four basic Boolean logic operations. These logical operations include 
AND, OR, exclusive OR, and invert. 
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UNIT OBJECTIVES 


When you complete this Unit you will be able to: 
1. Add two binary numbers. 
2: Subtract one binary number from another. 


3. Multiply one binary number by another. 


4. Divide one binary number by another. 

5. Derive the one’s complement of a binary number. 

6. Derive the two’s complement of a binary number. 

7. Add binary numbers using two’s complement arithmetic. 
8. Manipulate binary numbers using the AND operation. 

9. Manipulate binary numbers using the OR operation. 


10. Manipulate binary numbers using the exclusive OR operation. 


11. Logically invert binary numbers. 
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BINARY ARITHMETIC 


A number system can be used to perform two basic operations: addition 
and subtraction. But by using addition and subtraction, you can then 
perform multiplication, division, and any other numerical operation. In 
this section, binary arithmetic (addition, subtraction, multiplication, and 
division) will be examined, using decimal arithmetic as a guide. 


Binary Addition 


Binary addition is performed somewhat like decimal addition. If two 
decimal numbers, 56719 and 31863, are added together, the sum 88582 is 
obtained. You could analyze the details of this operation in the following 
manner. 


NOTE: In the following explanations, the term 
“first column”’ refers to the first column of figures 
you work with in the problem — the column on the 
right (9, 3, and 2 in the following example). The 
term “second column” refers to the second column 
you work with, etc. 


Carry: 00101 

Augend: 31863 
Addend: +_56719 
Sum: 88582 


Adding the first column, decimal numbers 9 and 3, gives the sum of 12. 
This is expressed in the sum as the digit 2 with a carry of 1. The carry is 
then added to the next column. Adding the second column decimal 
numbers 1 and 6, and the carry from the first column, gives the sum of 8, 
with no carry. This process continues until all of the columns (including 
carries) have been added. The sum represents the numeric value of the 
addend and augend. (The addend is the number to be added to another 
number, while the augend is the number to which the addend is added.) 
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When you add two binary numbers, you perform the same operation. 
Figure 3-1 summarizes the four rules of addition with binary numbers. 


1. O+0 =0 

2. O+1 =1 

$.. 11 =0 with a carry of 1. 

4. 1+1+1=1 with a carry of 1. 
Figure 3-1 


Rules for binary addition. 


To illustrate the process of binary addition, let’s add 1101 to 1101. 


Carry: 1101 

Augend: 1101 
Addend: +1101 
Sum: 11010 


In the first column, 1 plus 1 equals 0 with a carry of 1 to the second 
column. This agrees with rule 3. In the second column, 0 plus 0 equals 0 
with no carry. Tothis sum, the carry from the first column is added. Thus, 
O plus 1 equals 1 with no carry. These two additions in the second column 
give a total sum of 1 witha carry of 0. Rules 1 and 2 were used to obtain the 
sum. 


In column three, 1 plus 1 equals 0 with a carry of 1. To this sum, the 
second column carry is added. This yields a third column sum of 0 witha 
carry of 1 to column four. Rules 3 and 1 were used to obtain the sum. 


In column four, 1 plus 1 equals 0 with a carry of 1. To this sum, the third 
column carry is added. This yields a fourth column sum of 1 with a carry 
to the fifth column. Rule 4 allows you to add three binary 1’s and obtain 1 
with a carry of 1. 


In column five, there is no addend or augend. Therefore, you can assume 
rule 2 and add the carry to 0 to obtain the sum of 1. Thus, the sum of 1101, 
plus 1101, equals 11010,. You can verify this by converting the binary 
numbers to decimal numbers. 
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Now study the following two examples of binary addition, where 
10001111, is added to 10110101, and 111011, is added to 11001100,. 


Carry: 10111111 

Augend: 10110101 
Addend: + 10001111 
Sum: 101000100 
Carry: 11111000 

Augend: 11001100 
Addend: + 00111011 
Sum: 100000111 


When binary addition is performed with a microprocessor, 8-bit numbers 
are generally used. As shown in the last example, two zeros were added 
after the MSB of the addend to produce an 8-bit number. After addition, a 
1 in the ninth bit is represented as the “carry” bit by the microprocessor. 
This will be explained in a later unit. 


Binary Subtraction 


Binary subtraction is performed exactly like decimal subtraction. There- 
fore, before binary subtraction can be attempted, decimal subtraction 
should be reexamined. You know that if decimal 5486 is subtracted from 
8303, the difference 2817 is obtained. 


Minuend after borrow: 712913 
Minuend: 8 30 3 
Subtrahend: -5 48 6 
Difference: 2 81 7 


Because the digit 6 in the subtrahend is larger than the digit 3 in the 
minuend, a 1 is borrowed from the next higher-order digit in the 
minuend. If that digit is 0, as in this example, 1 is borrowed from the next 
higher-order digit that contains a number other than 0. That digit is 
reduced by 1 (from 3 to 2 in this example) and the digits skipped in the 
minuend are given the value 9. This is equivalent to removing 1 from 30 
with the result of 29, as in this example. In the decimal system, the digit 
borrowed has the value of ten. Therefore, the minuend digit now has the 
value 13, and 6 from 13 equals 7. 
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In the second column, 8 from 9 equals 1. Since the subtrahend is larger 
than the minuend in the third column, 1 is borrowed from the next 
higher-order digit. This raises the minuend value from 2 to 12, and 4 from 
12 equals 8. In the fourth column, the minuend was reduced from 8 to 7 
because of the previous borrow, and 5 from 7 equals 2. 


Whenever 1 is borrowed from a higher-order digit, the borrow is equal in 
value to the radix or base of the number system. Therefore, a borrow in the 
decimal number system equals ten, while a borrow in the binary number 
system equals two. 

When you subtract one binary number from another, you use the same 
method described for decimal subtraction. Figure 3-2 summarizes the 


four rules for binary subtraction. 


1. 0-0O0=0 


4. Oo-1=1 with a borrow of 1. 


Figure 3-2 
Rules for binary subtraction. 


To illustrate the process of binary subtraction, let’s subtract 1101 from 


11011. 
Minuend after borrow: 0101011 
Minuend: 11011 
Subtrahend: - 1101 
Difference: 1110 


The “‘minuend after borrow” now shows the value of each minuend digit 
after a borrow occurs. Remember that binary 10 equals decimal 2. 


In the first column, 1 from 1 equals 0 (rule 2). Then, 0 from 1 in the second 
column equals 1 (rule 3). In the third column, 1 from 0 requires a borrow 
from the fourth column. Thus, 1 from 10, equals 1 (rule 4), The minuend 
in the fourth column is now 0, from the previous borrow. Therefore, a 
borrow is required from the fifth column, so that 1 from 10, in the fourth 
column equals 1 (rule 4). Because of the previous borrow, the minuend in 
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the fifth column is now O and the subtrahend is 0 (nonexistant), so that 0 
from 0 equals 0 (rule 1). The 0 in the fifth column is not shown in the 
difference because it is not a significant bit. Thus, the difference between 
11011, and 1101, is 1110,. You can verify this by converting the binary 
numbers to decimal numbers. 


As a further example of binary subtraction, subtract 00100101, from 
11000100,, as shown below. Then proceed to the next example and 
subtract 10111010, from 11101110). 


Minuend after borrow: 1011110110 
Minuend: 11000 10 0 
Subtrahend: -00100 101 
Difference: 10011111 
Minuend after borrow: 0010101110 
Minuend: 11101110 
Subtrahend: -10 111010 
Difference: 00 110100 


When a borrow is required in the minuend, 1 is obtained from the next 
high-order bit that contains a 1. That bit then becomes 0, and all bits 
skipped (0 value bits) are given the value 1. This is equivalent to remov- 
ing 1 from 1000, with the result of 0111). 


As with binary addition, microprocessors generally perform subtraction 
on 8-bit number groups. In the previous example, the answer contained 
only six significant bits, but two 0 bits were added to maintain the 8-bit 
grouping. This would also be true for the minuend and subtrahend. 


Subtraction of a large number from a smaller number will be described in 
a later section of this Unit. 


1 
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Binary Multiplication 


Multiplication is a short method of adding a number to itself as many 
times as it is specified by the multiplier. However, if you were to multiply 
324.9 by 223,9, you would probably use the following method. 








Multiplicand: 324 
Multiplier: x 223 
First partial product: 972 
Second partial product: 648 
Third partial product: 648 
Carry: 0121 
Final product: 72252 


Using this short form of multiplication, you multiply the multiplicand by 
each digit of the multiplier and then sum the partial products to obtain 
the final product. Note that, for convenience, the additive carries are 
set-down under the partial products rather than over them as in normal 
addition. 


Binary multiplication follows the same general principles as decimal 
multiplication. However, with only two possible multiplier bits (1 or 0), 
binary multiplication is a much simpler process. Figure 3-3 lists the rules 
of binary multiplication. These rules are used to multiply 1111, by 1101, 
on the next page. 


1 0x0=0 
2. Ox1=0 
3. 1x0=0 
4. 1x1=1 

Figure 3-3 


Rules for binary multiplication. 
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Multiplicand: Tid 
Multiplier: x1101 
First partial product: 1111 
Second partial product: 0000 
Carry: 0000 
Sum of partial products: 1111 
Third partial product: 1111 
Carry: 111100 
Sum of partial products: 1001011 
Fourth partial product: Liat 
Carry: 1111000 
Final product: 11000011 


As with decimal multiplication, you multiply the multiplicand by each 
bit in the multiplier and add the partial sums. First you multiply 1111, by 
the least significant multiplier bit (1) and set down the partial product so 
the least significant bit (LSB) is under the multiplier bit. Then you 
multiply the multiplicand by the next multiplier bit (0) and set down the 
partial product so the LSB is under the multiplier bit. Now that there are 
two partial products, they should be added. Although it is possible to add 
more than two binary numbers, keeping track of the multiple carries may 
become confusing. Therefore, for these examples, add only two partial 
products at a time. 


Notice that the first partial product is identical to the multiplicand. The 
second partial product is all zeros. Since the binary number system 
contains only ones and zeros, the partial product will always equal either 
the multiplicand or zero. Because of this, you can obtain the third partial 
product by copying the multiplicand. Begin with the LSB under the third 
multiplier bit. Add this value to the previous partial sum. Now obtain the 
fourth partial product by copying the multiplicand. Begin with the LSB 
under the fourth multiplier bit. Add this value to the previous partial 
sum. This is the final product. You can verify the result by converting the 
binary numbers to decimal. 


Reexamine the illustration for the previous multiplication example. 
Notice that binary multiplication is a process of shift and add. For each 1 
bit in the multiplier you copy down the multiplicand, beginning with the 
LSB under the bit. You can ignore any Zeros in the multiplier. But do not 
make the mistake of setting down the multiplicand under the 0 bit. 
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To make sure you fully understand binary multiplication, multiply 1001, 
by 1100, and then multiply 1101, by 1111,. 


Multiplicand: 1001 
Multiplier: x1100 
First partial product: 0000 
Second partial product: 0000 
Carry: 0000 
Sum of partial products: 00000 
Third partial product: 1001 
Carry: 00000 
Sum of partial products: 100100 
Fourth partial product: 1001 
Carry: 000000 
Final product: 1101100 
Multiplicand: 1101 
Multiplier: x1111 
First partial product: 1101 
Second partial product: 1101 
Carry: 11000 
Sum of partial products: 100111 
Third partial product: 1101 
Carry: 100100 
Sum of partial products: 1011011 
Fourth partial product: 1101 
Carry: 1111000 
Final product: 11000011 


In the first of these last two examples, the two zeros in the multiplier were 
included in the multiplication process. This was to insure that the mul- 
tiplicand was copied down under the proper multiplier bits. The mul- 
tiplication process could have been represented in this manner: 


Multiplicand: 1001 
Multiplier: x 1100 
Third partial product: 100100 
Fourth partial product: 1001 
Carry: 000000 
Final product: 1101100 


Remember, just as in decimal multiplication, you must keep track of any 
zeros by setting a zero in the product under the 0 bit in the multiplier. 
This is very important when the zero occupies the LSB. 
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Binary Division 


Division is the reverse of multiplication. Therefore, it is a procedure for 
determining how many times one number can be subtracted from 
another. The process you are probably familiar with is called “long’’ 
division. If you were to divide decimal 181 by 45, you would obtain the 
quotient, 4-1/45, as follows: 


004 Quotient 
Divisor 45 )181 Dividend 
180 
1 Remainder 


Using long division, you would examine the most significant digit in the 
dividend and determine if the divisor was smaller in value. In this 
example the divisor is larger, so the quotient is zero. Next, you examine 
the two most significant digits. Again the divisor is larger, so the quotient 
is again zero. Finally, you examine the whole dividend and discover it is 
approximately four times the divisor in value. Therefore, you give the 
quotient a value of 4. Next, you subtract the product of 45 and 4 (180) from 
the dividend. The difference of one represents a fraction of the divisor. 
This fraction is added to the quotient to produce the correct answer of 
4-1/45. 


Binary division is performed in a similar manner. However, binary divi- 
sion is a simpler process since the number base is two rather than ten. 
First, let’s divide 100011, by 101). 


000111 Quotient 
Divisor: 101 ) 100011 Dividend 


101] 
ST Remainder 
101], 
~ 101 Remainder 
101 


0 Remainder 


Using long division, you examine the dividend beginning with the MSB 
and determine the number of bits required to exceed the value of the 
divisor. When you find this value, place a one in the quotient and subtract 
the divisor from the selected dividend value. Then carry the next least 
significant bit in the dividend down to the remainder. If you can subtract 
the divisor from the new remainder, place a one in the quotient. Then 
subtract the divisor from the remainder and carry the next least signifi- 
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cant bit in the dividend (LSB in this example) down to the remainder. If 
the divisor can be subtracted from the new remainder, place a one in the 
quotient and subtract the divisor from the remainder. Continue the pro- 
cess until all of the dividend bits have been carried down. Then express 
any remainder as a fraction of the divisor in the quotient. Thus, 100011, 
divided by 101, equals 111,. You can verify the answer by converting the 
binary numbers to decimal. 


To make sure you fully understand binary division, work out the follow- 
ing examples of long division. Divide 101000, by 1000, and then divide 
100111, by 110,. 


000101 Quotient 
Divisor 1000 ) 101000 Dividend 


1000 | | 
1000 Remainder 
1000 
0 Remainder 


000110.1 Quotient 
Divisor: 110 )100111.0 Dividend 


110} 
111 Remainder 
110} 
110 Remainder 
110 


O Remainder 


In the second example, the quotient was not a whole number, but rather a 
whole number plus a fraction (remainder divided by the divisor). The 
answer 110-11/110 is correct. You could have left the answer in this form 
or, as in the example, continue the division process until the remainder 
was zero. This is made possible by adding a sufficient number of zeros 
after the binary point to permit division by the divisor. In the previous 
example, only one zero was added after the binary point. As you learned 
in Unit 1, adding zeros after the binary point will not affect the value of 
the number. Note that some numbers cannot be solved in this manner 
(e.g., decimal 1/3). 


3-14 | unit THREE ICROPROCESSORS 


Representing Negative Numbers 


Until now, we have been examining binary arithmetic using unsigned 
numbers. However, when you perform some arithmetic operations witha 
microprocessor, you must be able to express both positive and negative 
(signed) numbers. Over the years three methods have been developed for 
representing signed numbers. Of these, only one method has survived. 
The two older methods will be examined first, and then the system that is 
used today. 


SIGN AND MAGNITUDE. Using this system, a binary number contained 
both the sign (+ or —) and the value of the number. Therefore, positive 
and negative values were expressed as follows: 


+45. = 00101101, 
SIGN MAGNITUDE 
—-45 49 = (10101101, 


The MSB of the binary number indicated the sign, while the remaining 
bits contained the value of the number. As you can see, a zero sign bit 
indicated a positive value, whilea one sign bit indicated a negative value. 


While this method of representing negative numbers may seem logical, 
its popularity was short-lived. Because it required complex and slow 
arithmetic circuitry, it was abandoned long before microprocessors were 
invented. 
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ONE’S COMPLEMENT. Another method of representing negative num- 
bers became popular in the early days of computers. It was called the 
one’s complement method. Using this system, positive numbers were 
represented in the same way as in the sign-magnitude system. That is, the 
MSB in any number was considered to be a sign bit. A sign bit of 0 
represented positive. Using 8-bit numbers, positive values were rep- 
resented like this: 


+ Ary = 00000100 
+ 17 4 = 00010001 
+1274 = 01111111 
Sign bit Binary value 


Negative numbers were represented by the one’s complement of the 
positive value. The one’s complement of a number is formed by changing 
all O’s to 1’s and all 1’s to 0’s. As shown above, +4, is represented as 
0 0000100,. By changing all 0’s to 1’s and all 1’s to 0’s, the representation 
for —4,) was formed. In this case: 


— ae = <gegait01i, 


Notice that all the bits, including the sign bit, were inverted. In the same 
way: 


— 171 = 


|= 


1101110, 


—127 4 


| 
JR 


0000000, 


The one’s complement method is not used for representing signed num- 
bers in microprocessors. However, as you will see later, you may still be 
called upon to find the one’s complement of a number. Remember, you do 
this by simply changing all 0’s to 1’s and all 1’s to 0’s. 
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Figure 3-4 shows an interesting relationship. In the first column, 8-bit 
patterns of 0’s and 1’s are shown. The second column shows the decimal 
number that each pattern represents if you consider the pattern to be an 
unsigned binary number. Notice that an 8-bit pattern can represent un- 
signed numbers between 0 and 255,49. 


The third column shows the decimal number that each pattern represents 
if you consider the pattern to be a one’s complement binary number. 
Notice that the range of numbers is from —127,) to +1274. Notice also 
that there are two representations of zero. The pattern 0000 0000, repre- 
sents +0 while its one’s complement (1111 1111,) represents —O. 


TWO’S COMPLEMENT. The method used to represent signed numbers 
in microprocessors is called two’s complement. In this system, positive 
numbers are represented just as they were with the sign-and-magnitude 
method and the one’s complement method. That is, it uses the same bit 
pattern for all positive values up to +127,). However, negative numbers 
are represented as the two’s complement of positive numbers. 


The two’s complement of a number is formed by taking the one’s com- 
plement and then adding 1. For example if you work with 8-bit numbers 
and use the two’s complement system, +4, is represented by 00000100,. 
To find —4,9, you must take the two’s complement of this number. You do 
this by first taking the one’s complement, which is 11111011,. Next, add 
1 to form the two’s complement: 


11111011, 
ne! 
11111100, 


Thus, the two’s complement representation of —4,9 is 11111100). 


To be sure you have the idea, look at a second example: how do you 
express —17,, as an 8-bit two’s complement number? Start with the two’s 
complement representation of +179, which is 00010001,. Take the one’s 
complement by changing all 0’s to 1’s and 1’s to 0’s. Thus, the one’s 
complement of +1749 is 11101110,. Next, find the two’s complement by 
adding 1: 
11101110, 
+ 1 
11101111, 
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BIT UNSIGNED 1’s 
PATTERN BINARY COMPLEMENT 


00000000 
00000001 
00000010 
00000011 


01111100 
01111101 
01111110 
01111111 


10000000 
10000001 
10000010 
10000011 


11111100 
11111101 
11111110 
11111111 





Figure 3-4 
Table of bit pattern values for un- 
signed binary numbers and 1’s com- 
plement numbers. 
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Figure 3-5 compares unsigned, two's complement, and one’s comple- 
ment numbers. Several 8-bit patterns are shown on the left. The other 
three columns show the decimal number represented by these patterns. 


Notice that the range of 8-bit two’s complement numbers is from —128 
to +127 9. Notice also that there is only one representation for 0. 


If this table included all 256,) possible 8-bit patterns, you could look up 
any pattern to see what number it represents. The patterns which have 0 
as their MSB are easy to determine without a table. The pattern represents 
the binary number directly. But what decimal number is represented by 
the two’s complement number 11110011? You should know that this 
represents some negative number because the MSB is a 1. 


Actually, you can determine the value very easily by simply taking the 
two’s complement to find the equivalent positive number. Remember, 
you find the two’s complement, by taking the one’s complement and 
adding 1. The one’s complement is 00001100,. Thus, the two’s comple- 
ment is: 


00001100, 
fea el 
00001101, or +1349 


Since the two’s complement of 11110011, represents +131, then 
11110011, must equal —13 yp. 
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BIT UNSIGNED 
PATTERN BINARY COMPLEMENT | COMPLEMENT 


00000000 
00000001 
00000010 
00000011 


01111100 
01111101 
01111110 
01111111 


10000000 
10000001 
10000010 
10000011 


11111100 
11111101 
11111110 
11111111 





Figure 3-5 
Table of bit pattern values for un- 
signed binary, 2’s complement and 1's 


complement numbers. 


8-20 | unrtnee icp ces sORS 


Self-Test Review 


1, —_____ _ and___________are the two basic operations 
that can be performed with a number system. 


Ds Add the following binary numbers. 


A. 10011011 B. 11000110 C. 10000110 
+00010111 +00110001 +00110110 

3 Subtract the following binary numbers. 
A. 11011011 B. 10001011 C. 11011001 
—10110010 — 10000001 —00111011 


4. Multiply the following binary numbers. 


A. 1011 B. 1101 G: 1100 
X1101 x 1001 xX 1100 
5, Solve for the quotient in the following groups. 
A. B. C. 
101 71001011 11 /111001 1101 )11110111 
6. 10001111, represents decimal__t__.___ in sign/magnitude nota- 


tion, 
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up The 1’s complement of 00010110, is 
8. The 2’s complement of 00010110, is 


9. The 2’s complement number 11100110 represents the decimal 
number 


10. Find the signed decimal equivalents of the following two’s com- 
plement numbers. 


Two’s Complement Number Decimal Number 


00000111 
10000111 
11111111 
01110000 
10000000 


11. Find the two’s complement representation for the following signed 
decimal numbers. 


Decimal Number Two’s Complement Number 
+32 
—32 
+73 
=o 7 


—120 
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Answers 


1. Addition, subtraction. 


2. A. Carry: 


Augend: 
Addend: 
Sum: 


B. 11110111. 
C. 10111100. 
3. A. Minuend after borrow: 
Minuend: 
Subtrahend: 
Difference: 
B. 1010. 
C. 10011110. 
4. A. Multiplicand: 


Multiplier: 
First partial product: 


Second partial product: 


Carry: 


Sum of partial products: 


Third partial product: 
Carry: 


Sum of partial products: 


Fourth partial product: 
Carry: 
Final product: 


B. 1110101, 


C. 10010000 
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00011111 
10011011 
+ 00010111 
10110010 


101011011 
11011011 
—- 10 110010 


101001 


1011 
x 1101 
1011 
00000 
0000 
01011 
101100 
01000 
110111 
1011000 
1110000 
10001111 
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0001111 Quotient 
5. A. Divisor: 101 ) 1001011 Dividend 
101 
1000 Remainder 
101 
111 Remainder 
101 
101 Remainder 
101 
0 Remainder 
B. 10011. 
C. 10011. 
6. —15. 
7. 11101001). 
8. 11101010,. 
9. First, find the two’s complement of 11100110 by changing 1’s 


to 0’s; O’s to 1’s; and adding 1: 


00011001 
Se 
00011010 


Since this number represents +269, the original number must 
have represented —26}o. 


10. Two’s Complement Number Decimal Number 
00000111 +7 
10000111 -121 
11111111 -1 
01110000 +112 
10000000 —128 
ile, Decimal Number Two’s Complement Number 
+32 00100000 
—32 11100000 
+73 01001001 
—7 11111001 


—120 10001000 
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TWO’S COMPLEMENT ARITHMETIC 


In the previous section, you saw that signed numbers are represented in 
microprocessors in two’s complement form. In this section you will see 
why. 


In digital electronic devices such as computers, simple circuits cost less 
and operate faster than more complex ones. Two’s complement numbers 
are used with arithmetic because they allow the simplest, cheapest, and 
fastest circuits. 


A characteristic of the two’s complement system is that both signed and 
unsigned numbers can be added by the same circuit. For example, sup- 
pose you wish to add the unsigned numbers 132) and 14,9. The addition 
looks like this: 


Augend: 10000100, 1324 
Addend: + 00001110, + 144 
Sum: 10010010, 14649 


As you saw in the previous unit, the microprocessor has an ALU circuit 
that can add unsigned binary numbers in this way. The adder in the ALU 
is designed so that when the bit pattern 10000100 appears at one input 
and 00001110 appears at the other, the bit pattern 10010010 appears at 
the output. 


The question arises, ‘‘How does the ALU know that the bit patterns at the 
inputs represent unsigned numbers and not two’s complement num- 
bers?” The answer is ‘‘it doesn’t.”” The ALU always adds as if the inputs 
were unsigned binary numbers. Nevertheless, it still produces the correct 
sum even if the inputs are signed two’s complement numbers. 


Look at the example given above. If you assume that the inputs are two’s 
complement signed numbers, then the addend, augend, and sum are: 


Augend: 10000100, 1241, 
Addend: + 00001110, + 1415 
Sum: 10010010, —11049 


Notice that the bit patterns are the same. Only the meaning of the bit 
patterns has changed. In the first example, we assumed that the bit 
patterns represented unsigned numbers and the adder produced the 
proper unsigned result. In the second example, we assumed that the bit 
patterns represented signed numbers. Again, the adder produced the 
proper signed result. 
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This proves a very important point. The adder in the ALU always adds bit 
patterns as if they are unsigned binary numbers. It is our interpretation of 
these bit patterns that decides if unsigned or signed numbers are indi- 
cated. The beauty of two’s complement is that the bit patterns can be 
interpreted either way. This allows us to work with either signed or 
unsigned numbers without requiring different circuits for each. 


Two’s complement arithmetic also simplifies the arithmetic logic unit in 
another way. All microprocessors have a subtract instruction. Thus, the 
ALU must be able to subtract one number from another. However, if this 
required a separate subtraction circuit, the complexity and cost of the 
ALU would be increased. Fortunately, two’s complement arithmetic 
allows the ALU to perform a subtract operation using an adder circuit. 
That is, the MPU uses the same circuit for both addition and subtraction. 


The MPU performs subtraction by a binary addition process. To see why 
this works, it may be helpful to look at a similar process with the decimal 
number system. The decimal equivalent of two’s complement is called 
ten’s complement. Since you are more familiar with the decimal number 
system, briefly examine ten’s complement arithmetic. 


Ten’s Complement Arithmetic 


An easy way to illustrate ten’s complement is to consider an analogy. 
Visualize the odometer or mileage indicator on your car. Generally, this is 
a six-digit device that indicates mileage between 00,000.0 and 99,999.9 
miles. Let’s ignore the tenths digit and concentrate on the other five. 


In an automobile, the register generally operates in only one direction 
(forward). However, consider what happens if it is turned backwards 
instead. Starting at +3 miles, the count proceeds backwards as follows: 


00,003 
00,002 
00,001 
00,000 
99,999 
99,998 
99,997 
etc. 


It is easy to visualize that 99,999 represents —1 mile. Also, 99,998 repre- 
sents —2 miles; 99,997 represents —3 miles; etc. This is how signed 
numbers are represented in ten’s complement form. 


! 
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Once you accept this system for representing positive and negative num- 
bers, you can perform arithmetic with these signed numbers. For exam- 
ple, if you add +3 and —2, the result should be +1. Using the system 
developed above, +3 is represented by 00003 while —2 is represented by 
99,998. Thus, the addition looks like this: 


00003 +3 
+99998 ie 


100001 +1 


—— Discard final carry. 


If you now discard the final carry on the left in the sum, the answer is 000 
01, the representation of +1. You can also find the ten’s complement of a 
digit by subtracting the digit from ten. For example, the ten’s comple- 
ment of 6 is 4 since 10—6 = 4. To complement a number containing more 
than one digit, raise ten to a power equal to the total number of digits, 
then subtract the number from it. For example, to obtain the ten’s com- 
plement of 654,, first raise ten to the third power since there are three 
digits in the number. Then, subtract 654 from the result. 


10° = 1000 
—654 
346 


Thus, the ten’s complement of 6544) is 3464p. 
Once you find the ten’s complement, you can subtract one number from 


another by an indirect method using only addition. Since childhood you 
have subtracted like this: 


Minuend: 973 
Subtrahend: —654 


Difference: 319 


3-27 





Computer Arithmetic 


MICROPROCESSORS____E ee. 


However, you can arrive at the same answer by using the ten’s comple- 
ment of the subtrahend and adding. Recall that the ten’s complement of 
654, is 3465. Let’s compare these two methods of subtraction: 


STANDARD METHOD  TEN’S COMPLEMENT METHOD 





Minuend 973 973 Minuend 
Subtrahend -—654 +346 Ten’s complement of subtrahend 
Difference 319 1319 Difference 


Discard final carry 


Notice that when you use the ten’s complement method, the answer is too 
large by 1000). However, you can still arrive at the correct answer by 
simply discarding the final carry. 


While the ten’s complement method of subtraction works, it is not used 
because it is more complex than the standard method. In fact, it does not 
eliminate subtraction entirely since the ten’s complement itself is found 
by subtraction. 


The binary equivalent of ten’s complement is two’s complement. It over- 
comes the disadvantage of ten’s complement in that the two’s comple- 
ment can be formed without any subtraction at all. Recall that you can 
form the two’s complement of a binary number by changing all 0’s to 1’s, 
all 1’s to0’s and then adding 1. Let’s examine two’s complement arithme- 
tic in more detail. 


Two’s Complement Subtraction 


As in ten’s complement arithmetic, you can form the two’s complement 
by subtracting from a power of the base (two). However, because the MPU 
cannot subtract directly, it uses the method given earlier for finding the 
two’s complement. Once the two’s complement is formed, the MPU can 
perform subtraction indirectly by adding the two’s complement of the 
subtrahend to the minuend. 


To illustrate this point, look at the following two ways of subtracting 26; 
from 69). The two numbers are expressed as they would appear to an 
8-bit microprocessor. The standard method of subtraction looks like this: 


Minuend: 01000101, 69 
Subtrahend: —00011010, —26 


Difference: 00101011, 43 
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While this method works fine on paper, it’s of little use to the micro- 
processor since the MPU has no subtract circuitry. However, the MPU can 
still perform subtraction by the indirect method of adding the two’s 
complement of the subtrahend to the minuend: 


Minuend: 01000101 
Two’s complement of Subtrahend: +11100110 


Difference: 100101011 


— Discard final carry 


This illustrates a major reason for using the two’s complement system to 
represent signed numbers. It allows the MPU to perform subtraction and 
addition with the same circuit. 


The method that the MPU uses to perform subtraction is of little impor- 
tance to the user of microprocessors. Most microprocessors have a sub- 
tract instruction. This instruction is used like any other without regard 
for how the operation is implemented internally. When the subtract 
instruction is implemented, the MPU automatically takes care of opera- 
tions like complementing the subtrahend, adding, and discarding the 
carry. The procedure has been explained here so you can appreciate the 
importance of two’s complement arithmetic. 


Arithmetic With Signed Numbers 


There are many applications in which the microprocessor must work 
with signed numbers. In these cases, signed numbers are represented in 
two’s complement form. While this greatly simplifies the circuitry of the 
MPU, it places an extra burden on the user. The programmer must ensure 
that all signed numbers are entered into the microprocessor in two’s 
complement form. Also, the resulting data produced by the MPU may be 
in two’s complement form. Here’s how an 8-bit MPU handles signed 
numbers. 


Adding Positive Numbers. Assume that the MPU is to add the two 
positive numbers +7 and +3. Since an 8-bit MPU is assumed, the arith- 
metic operation looks like this: 


90000111 + 7 
+00000011 + 3 


00001010 +10 
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The sign bits are underlined. Remember, when representing signed 
numbers, that the MSB is the sign bit. A 0 represents ‘‘“+” and a 1 
represents ‘‘—.” In this example, you added +7 and +3 to form a sum of 
+10, . You know that all three numbers are positive since the MSB’s are 
all 0’s. 


While this operation seems straightforward enough, it is easy for the 
unwary to make an error when adding positive numbers. Remember, the 
highest 8-bit positive number you can represent in two’s complement 
form is +127. If the sum exceeds this value, an error occurs. For exam- 
ple, suppose you attempt to add +65,) to +67,). The MPU adds the 
numbers as if they are unsigned binary: 


01000001 
91000011 
10000100 


If the answer is interpreted as a two’s complement number, an error has 
occurred. You have added two positive numbers and yet the answer 
appears to be negative since the MSB of the sum is 1. This is called atwo’s 
complement overflow. It occurs when the sum exceeds +127,). Many 
microprocessors have a way of detecting this condition. We will discuss 
this in more detail in a future unit. 


Adding Positive and Negative Numbers. The real beauty of the two’s 
complement system is illustrated when you add numbers with unlike 
signs. For example, assume that an 8-bit microprocessor is to add +7 and 
—3. Remember, since these are signed numbers, they must be represented 
in two’s complement form. That is, +7 is represented as 00000111, while 
—3 is represented as 11111101). If these two numbers are added, the sum 
will be: 


Augend: 00000111 (+7) 
Addend: +11111101 +(-3) 
Sum: 100000100 (+4) 


t— Discard final carry 


Notice that the sum is correct if you ignore the final carry bit. Keep in 
mind that the MPU adds the two numbers as if they were unsigned binary 
numbers. It is merely our interpretation of the answer that makes the 
system work for signed numbers. 
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The system also works when the negative number is larger. For example, 
when —9 is added to +8 the result should be —1. Remember, the signed 
numbers must be represented in two’s complement form: 


Augend: 00001000 (+8) 
Addend: + 11110111 + (-9) 
Sum: 11111111 I; 


Notice that the sum is the two’s complement representation for —1. 


Adding Negative Numbers. The final case involves two negative num- 
bers. If both numbers are negative, then the sum should also be negative. 


For example, suppose the MPU is to add —3 to —4. Obviously, the result 
should be —7. The two signed numbers must be represented in two’s 
complement form. That is, —3 must be represented as 11111101, while 
-4 must be represented as 11111100,. The MPU adds these two bit 
patterns as if they were unsigned binary numbers. Thus the result is: 


Augend: 11111100 (—4) 
Addend: + 11111101 + (—3) 
Sum: 111111001 (-7) 


WW Discard final carry 
Once again, the answer is correct if you ignore the final carry bit. 


When you add two negative numbers, you must remember the capacity of 
the MPU. The largest negative number that can be represented by eight 
bits is —128,o. If the sum exceeds this value, the sum will appear to be in 
error. For example, suppose you add ~—120,) to —18 49. 


11101110 (— 18) 
+ 10001000 + (—120) 
101110110 
Ignore carry 
Sign bit 


Notice that the sign bit in the sum is 0, representing a positive number. 
Thus, the MPU has added two negative numbers and has produced a 
positive result. This apparent error is caused by exceeding the 8-bit 
capacity. This is another example of two’s complement overflow. 
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Self-Test Review 


12. In microprocessors, signed numbers are represented in 
ee OT: 


13. The ALU adds bit patterns as if they represent 
binary numbers. 


14. When a microprocessor executes a subtract instruction, what oper- 
ations are actually performed inside the MPU? 


15. What is the largest 8-bit positive number that can be represented in 
two’s complement form? 


16. When you are adding two positive numbers, what is meant by two’s 
complement overflow? 


17. If +19.) and —21,) are added by an 8-bit microprocessor, the two’s 
complement result will be 


18. Cantwo’s complement overflow occur when two negative numbers 
are added? 


19. A microprocessor adds 10001110, to 00010001,. If these are un- 
signed binary numbers, the resulting bit pattern will be 
. If these are two’s complement numbers, the re- 

sulting bit pattern will be 


20. Ifthe bit patterns in question 19 represent unsigned numbers, the 
resulting bit pattern represents decimal 


21. Ifthe bit patterns in question 19 represent two’s complement num- 
bers, the resulting bit pattern represents decimal 
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Answers 


12. Two’s complement. 
13. Unsigned. 
14. The following operations occur: 


1. The MPU complements the subtrahend by changing 0’s to 1’s 
and 1’s to 0’s. 


2. One is added to the complemented subtrahend to form the 
two’s complement. 


3. The two’s complement of the subtrahend is added to the 
minuend. 


15. 01111111, or +127 49. 


16. When you add positive numbers, two’s complement overflow oc- 
curs when the sum exceeds +127 4p. 


17. 11111110, or —24o. 


18. Yes. When you add negative numbers, two’s complement overflow 
occurs when the sum exceeds —128 jo. 


19. In either case, the resulting bit pattern will be 10011111. 
20. 159 jo. 


21. —97 10. 
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BOOLEAN OPERATIONS 


Along with the basic mathematical processes examined earlier, the mi- 
croprocessor can manipulate binary numbers logically. This system was 
conceived using the theorems developed by the mathematician George 
Boole. As a result, this branch of binary mathematics is given the name 
Boolean Algebra. In this section, the Boolean operations performed by 
the microprocessor wil] be examined. A more detailed description of 
Boolean Algebra is provided in the Heathkit Continuing Education Series 
course titled “Digital Techniques.”’ 


AND Operation 


The AND function produces the logical product of two or more logic 
variables. That is, the logical product of an AND operation is logic 1 if all 
of the variable inputs are logic 1. If any of the input variables are logic 0, 
the logical product is 0. This process can be represented by the formula A 
* B = C, where A and B represent input variables (logic 1 or 0) and C 
represents the output or logical product of the AND operation. The AND 
function is designated by a dot between the variables. Do not confuse it 
with the mathematical multiplication sign. 


Figure 3-6 is a “truth” table for a two-variable AND function. The 1’s and 
0’s represent all of the possible logic combinations. Thus, you can see that 
the AND function is a sort of ‘“‘all or nothing” operation. Unless all the 
input variables are logic 1, the output cannot be logic 1. 


INPUTS [OUTPUT 





Figure 3-6 
Truth Table for an AND function. 


3-34 fitter aircon 


When the microprocessor implements the logic AND operation, one 8-bit 
binary number is ANDed with a second 8-bit binary number. Refer to 
Figure 3-7 for an illustration of this process. 


8-BIT 8-BIT RESULT OF 
NUMBER NUMBER AND OPERATION 
MSB 1 ° 1 = 1 MSB 
0 ° O = 0 
0 ° 1 a 0 
1 ° 0 = 0 
1 . 1 = 1 
0 ° 1 = 0 
1 ° 0 = 0 
LSB 0 . 0 = 0 LSB 
Figure 3-7 


8-bit logic AND operation. 


Although more than two logic variables can be ANDed together, the 
microprocessor operates on only two variables at a time. Now try one 
more example of the AND operation. AND 10011101 with 11000110. 
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OR Operation 


The OR (sometimes known as inclusive OR) function produces the logi- 
cal sum of two or more logic variables. That is, the logical sum of an OR 
operation is logic 1 if either input is logic 1. The logical sum is 0 if all of 
the input variables are logic 0. This process can be represented by the 
formula A + B = C, where A and B represent input variables and C 
represents the output or logical sum of the OR operation. The OR function 
is designated by a plus sign (or a circled dot © ) between the variables. 
Do not confuse the plus sign with the mathematical add sign. 
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Figure 3-8 is a ‘‘truth” table for a two-variable OR function. The 1’s and 
0’s represent all of the possible logic combinations. Thus, you can see that 
the OR function is a sort of ‘‘either or both’’ operation. If either or both 
input variables are logic 1, the output must be logic 1. 


INPUTS | OUTPUT 







Figure 3-8 
Truth Table for an OR function. 


When the microprocessor implements the logic OR operation, one 8-bit 
binary number is ORed with a second 8-bit binary number. Refer to 
Figure 3-9 for an illustration of this process. 


8-BIT 8-BIT RESULT OF 
NUMBER NUMBER OR OPERATION 

MSB 1 + 1 = 1 MSB 

0 + 0 = 0 

0 + 1 = 1 

1 + 0 = 1 

1 + 1 = 1 

0 + 1 7 1 

1 + 0 = 1 
LSB 0 + 0 = 0 LSB 

Figure 3-9 


8-bit logic OR operation. 
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As with the AND function, two or more logic variables can be ORed 
together. However, the microprocessor operates on only two variables at 
atime. Nowtry one more example of the OR operation. OR 10011101 with 
11000101. 


MSB 


ll 


POrFRPROOR 


t+++t+ 4+ ¢4+ + 
PoroeoeoCcor PF 
I 
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Exclusive OR Operation 


The Exclusive OR (EOR or XOR) function performs a logical test for 
‘“‘equalness” between two logic variables. That is, if two variable inputs 
are equal (both logic 1 or 0), the output or result of the EOR operation is 
logic 0. If the inputs are not equal (one is logic 1, the other logic 0) the 
output is logic 1. This can be represented by the formula A @ B =C, 
where A and B represent input variables and C represents the output or 
result. The EOR function is designated by a circled plus sign between the 
variables. 


Figure 3-10 is a “truth” table for the EOR function. The 1’s and 0’s 
represent all of the possible logic combinations. You can see that the EOR 
function is a sort of ‘either but-not both” operation. That is, either input 
can be logic 1 or 0, but not both for a logic 1 output. 


INPUTS | OUTPUT 
patst ic | 


0 










Figure 3-10 
Truth Table for an EOR function. 
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When the microprocessor implements the logic EOR operation, one 8-bit 
binary number is exclusively ORed with a second 8-bit number. Refer to 
Figure 3-11 for an illustration of this process. 


8-BIT 8-BIT RESULT OF 
NUMBER NUMBER EOR OPERATION 
MSB 1 iS) 1 = 0  MSB 
0 © 0 = 0 
1) @ 1 a 1 
4 @® 0 = 4 
1 ® 1 = 0 
0 © 1 = 1 
1 ® 0 = 1 
LSB 0 ® 0 = 0 LSB 
Figure 3-11 


8-bit logic EOR operation. 


Now try one more example of the EOR operation. EOR 10011101, with 
11000101). 


MSB 
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Invert Operation 


The invert operation performs a direct complement of a single input 
variable. That is, a logic 1 input will produce a logic 0 output. This 
process can be represented by the truth table in Figure 3-12. 





Figure 3-12 


Truth Table for an invert function. 


Note that the complement of A is A. The bar above the A indicates that A 
has been inverted, and is read “not A.” Therefore, the complement of A is 
“not A’”’ (A). 


When the microprocessor implements the logic invert operation, the 
8-bit binary number is complemented. This operation is also known as 1’s 
complement. Thus, the complement of 11010110, is 00101001,. As with 
the previous logic operations, the invert function operates on each indi- 
vidual bit of the 8-bit number. 
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Self-Test Review 


22. The result of an AND operation is binary 1 when: 
A. All inputs are binary 0. 
B. Any one input is binary 0. 
C. All inputs are binary 1. 
D. Any one input is binary 1. 
23. Perform the AND operation on the following 8-bit number pairs. 
A. 11010110 and 10000111. 
B. 00110011 and 11110000. 
C. 10101010 and 11011011. 
24. The result of an OR operation is binary 0 when: 
A. All inputs are binary 1. 
B. All inputs are binary 0. 
C. Any one input is binary 1. 
D. Any one input is binary 0. 
25. Perform the OR operation on the following 8-bit number pairs. 
A. 11010110 and 10000111. 
B. 00110011 and 11110000. 
C. 10101010 and 11011011. 
26. The result of an XOR operation is binary 0 if the inputs are: 
A. Equal. 


B. Not equal. 
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27. 


28. 


29, 


30. 


The symbol for the EOR operation is: 


Aus <9 

B. + 
Cc. @ 
D. xX 


Perform the EOR operation on the following 8-bit number pairs. 
A. 11010110 and 10000111. 

B. 00110011 and 11110000. 

C. 10101010 and 11011011. 

A represents the ____————S—S FA. 

A. Sum. 

B. Product. 

C. Complement. 

D. Supplement. 

Perform the invert operation on the following 8-bit numbers. 
A, 11010110. 

B. 00110011. 


C. 10101010. 
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Answers 


22. Ce All inputs are binary 1. 


23. A. 


CrPrP OR OP BF 
ss. 8 
Pre @OoOC CO Ff 
| ll | 
Corrococo co RF 


B. 00110000. 
C. 10001010. 


24. B. All inputs are binary 0. 


25. A. 1+1=1 
1+0=1 
0+0=0 
1+0=1 
0+0=0 
1+1=1 
1+1=1 
O+1=1 


B. 11110011. 
C. 11111011. 


26. A. Equal. 
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272 G. @ 

28. A. 1@1=0 
1@0=1 
0@o0=0 
Lecce 1 
0@®0=0 
1@1=0 
1@1=0 
0@1=1 


B. 11000011. 

G, 01110001. 
29. C, Complement. 
30. A. 00101001. 

B. 11001100. 


C. 01010101. 
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UNIT 3 SUMMARY 


1. A number system can be used to perform two basic operations: 
addition and subtraction. From these, you can then perform mul- 
tiplication, division, and any other numerical operation. 


2. The addend is the number that is added to another number. 
3. The augend is the number to which the addend is added. 
4. Thesum the result of adding the addend to the augend. 


5. When performing decimal addition, you add the addend to the 
augend in each column of numbers beginning with the column 
that contains the LSD. If the sum of any column produces a value 
greater than nine, you add the carry to the next column on the 
left. 


6. Binary addition is similar to decimal addition. There are four 
rules you should follow: 


. Adding zero to zero produces the sum of zero. 
Adding zero to one produces the sum of one. 
Adding one to one produces the sum of zero with a carry 
of one. 
D. Adding one to one to one produces the sum of one with a 
carry of one. 


Om > 


7. The subtrahend is the number that is subtracted from another 
number. 


8. The minuend is the number from which the subtrahend is sub- 
tracted. 


9. The difference is the result of subtracting the subtrahend from 
the minuend. 


10. When performing decimal subtraction, you subtract the sub- 
trahend from the minuend in each column of numbers beginning 
with the column that contains the LSD. If the minuend of any 
column is smaller than the subtrahend, one is borrowed from 
the minuend in the column on the left, reducing that minuend 
by one, and ten is added to the minuend that required the borrow. 
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11. 


12. 


13. 


14. 


15, 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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Binary subtraction is similar to decimal subtraction. There are 
four rules you should follow: 


Subtracting zero from zero produces the difference of zero. 
Subtracting one from one produces the difference of zero. 
Subtracting zero from one produces the difference of one. 
Subtracting one from zero produces the difference of one with 
a borrow of one. 


cow > 


The multiplicand is the number that is added to itself. 


The multiplier is the number that specifies how many times the 
multiplicand is added to itself. 


The product is the result of the multiplication. 


Multiplication is a short method for adding a multiplicand to 
itself as many times as it is specified by the multiplier. 


Binary multiplication is a process of shift left and add. 


There are four rules you must follow when multiplying binary 
numbers: 


Multiplying zero times zero gives the product zero. 
Multiplying zero times one gives the product zero. 
Multiplying one times zero gives the product zero. 
Multiplying one times one gives the product one. 


SOS > 


The dividend is the number that is divided in a division opera- 
tion. 


The divisor is the number that is used to divide the dividend. 


The quotient is the number of times the divisor will divide into 
the dividend. 


The remainder is what is left of the dividend after the last divi- 
sion. 


Division is a short method for subtracting a divisor from a divi- 
dend until what is left of the dividend is less than the divisor 
or zero. The number of subtractions is recorded as the quotient. 
The value remaining after the subtraction is the remainder. 
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23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


Binary division is a process of shift right and add. 


The rules of binary division are the same as the rules for binary 
subtraction. 


The sign and magnitude of a number can be represented in binary. 


A signed binary number is normally eight bits in length. The 
sign of the number is represented by the MSB. This is called 
the sign bit. 


In the sign and magnitude method of representing a value, the 
sign bit is zero for positive and one for negative. The remaining 
seven bits represent the magnitude of the value. 


In the one’s complement method of representing a signed value, 
the positive values are the same as in the sign and magnitude 
method. Negative values are represented by first presenting the 
value as a positive value, and then inverting all of the bits, includ- 
ing the sign bit. 


In the two’s complement method of representing a signed value, 
the positive values are the same as in the one’s complement 
method. Negative values are represented by first obtaining the 
one’s complement of the value, and then adding one to the value. 
This is the method used by the microprocessor to represent a 
signed value. 


The maximum value that can be represented by a two’s comple- 
ment binary number is + 12719 or — 12849. 


The microprocessor can only add binary numbers. To subtract 
one number from another, the subtrahend must be converted to 
its negative two’s complement form. Then the minuend is added 
to the subtrahend. Any carries into the ninth bit are discarded. 


Boolean operations include AND, OR, Exclusive OR, and Invert. 
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33. 


34, 


35. 


36. 
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The AND operation produces the logical product of two or more 
binary variables. The possible results are: 


Zero AND zero equals zero. 
Zero AND one equals zero. 
One AND zero equals zero. 
One AND one equals one. 


Dow> 


The OR operation produces the logical sum of two or more binary 
variables. The possible results are: 


Zero OR zero equals zero. 
Zero OR one equals one. 
One OR zero equals one. 
One OR one equals one. 


vos > 


The Exclusive OR (EOR or XOR) operation produces the logical 
test for “equalness” between two binary variables. The possible 
results are: 


Zero XOR zero equals zero. 
Zero XOR one equals one. 
One XOR zero equals one. 
One XOR one equals zero. 


DO > 


The Invert operation performs a direct complement of a single 
binary variable. 
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INTRODUCTION 


In the final analysis there are only two things you can do with a micro- 
processor. You can program it and you can interface it with the outside 
world. In this course, you learn to program the microprocessor first. 
This unit, along with the associated experiments, will serve as an in- 
troduction to programming. 


The programs you encounter in this unit are simple enough that anyone 
can understand them, and yet they illustrate many important concepts. 
By studying these programs, you will develop an understanding of how 
the microprocessor handles complex tasks. At the same time, you will 
gain practice using the instruction set. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


1. Draw the symbols used in flow charting and explain the purpose 
of each. 


2. Develop flow charts that illustrate step-by-step procedures for 
solving simple problems. 


3. Explain the purpose of conditional and unconditional branching. 


4. Using the block diagram of the hypothetical microprocessor, trace 
the data flow during the execution of a branch instruction. 


5, Compute the proper relative address for branching forward or 
backward from one point to another in a program. 


6. Explain the purpose of the carry, negative, zero, and overflow 
flags. Give an example of a situation that can cause each to be 
set and another example that will cause each to clear. List eight 
instructions that test one of these flags. 


7: Write programs that can: multiply by repeated addition; divide 
by repeated subtraction; convert binary to BCD; convert BCD to 
binary; add multiple-precision numbers; subtract multiple-preci- 
sion numbers; add BCD numbers. 


4-4| v 


PUNITFOUR MICROPROCESSORS 


BRANCHING 


The programs discussed earlier were all “straight line’ programs; the 
instructions were executed one after another in the order in which 
they were written. Programs of this type are extremely limited because 
they use only a fraction of the microprocessor’s power. 


The real power of the microprocessor comes from its ability to execute 
a section of a program over and over again. In an earlier program we 
saw that two numbers could be multiplied by repeated addition. As 
long as the numbers are very small and we know the value of the two 
numbers, we can write a “straight line’ program to multiply the num- 
bers. For example, 5 could be multiplied by 4 with the following pro- 
gram: 


Address Instruction/Data Comments 
00 LDA 09 Load direct 
02 ADD 09 Add direct 
04 ADD 09 Add direct 
06 ADD 09 Add direct 
08 HLT 
09 05 


This technique is very crude for a number of reasons. If the two numbers 
are large, such as 98 and 112, the number of ADD instructions becomes 
excessive. Moreover, the values of the two numbers to be multiplied 
are generally not known. Therefore, even if we were willing to write 
enough ADD instructions, we simply would not know how many to 
write. Obviously, some better technique must be available. 


A technique that is used in virtually every program is called looping. 
This allows a section of the program to be run as often as needed. 
Every microprocessor has a group of instructions called JUMP or 
BRANCH instructions that allow it to execute these program loops. 
These allow the microprocessor to escape the normal instruction se- 
quence. 


The microprocessor discussed in this course has both jump and branch 
instructions. In this unit, we will confine our discussion to the branch 
instructions. In a later unit we will discuss the jump instructions. 


Before discussing the types of branch instructions, we must first discuss 
a new addressing mode called relative addressing. 
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Relative Addressing 


In previous units, we discussed immediate addressing and direct 
addressing. Recall that in the immediate addressing mode no address is 
specified. The data is assumed to be the byte following the opcode. In 
direct addressing, an address is given. The data is assumed to be at that 
address. 


Branch instructions are somewhat different from the instructions 
discussed earlier. While the branch instruction has an address associated 
with it, the address does not indicate the location of data. Instead, the 
address indicates the location of the next instruction that is to be exe- 
cuted. 


The format of the branch instruction is shown in Figure 4-1. All branch 
instructions are 2-byte instructions. The first byte is the 8-bit opcode. 
This code identifies the particular type of branch instruction. As you will 
see later, a microprocessor may have a dozen or more different branch 
instructions. Each has its own opcode that uniquely identifies it. 


RELATIVE ADDRESS 
secono Byte] | | | | | [ | [oF next instruction 
—— BE EXECUTED. 
Figure 4-1 


Format of the branch instruction. 


The second byte of the branch instruction indicates the point to which the 
program is to branch. That is, it specifies the address of the next instruc- 
tion that is to be executed. 


In some microprocessors, the address is absolute. That is, the address is 
the memory location that holds the next instruction. In this case, the 
instruction BRANCH 30,, would mean that the instruction to be executed 
next is at address 30,,. In other words, some microprocessors use direct 
addressing when branching. 


Our hypothetical microprocessor uses a different technique called rela- 
tive addressing. In this addressing mode, the byte following the opcode 
does not represent an absolute address. Instead, it is a number that must 
be added to the program counter to form the new address. Consider the 
instruction: 


BRANCH 30,1, 
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Using relative addressing, this does not mean that the next instruction is 
to be taken from memory location 30,,. Rather, it means that 30,, must be 
added to the present contents of the program counter. Thus, if the pro- 
gram counter is at 08,, when the BRANCH 30,, instruction is executed, 
the next instruction will be fetched from location 08,, + 30,5 = 384¢. 


By the same token, if the contents of the program counter is FA,, when a 
BRANCH 03 is encountered, the next instruction will be fetched from 
location FA,, + 03 = FD,,. Notice that this allows the MPU to jump over 
the instructions at addresses FB,, and FC,,. 


Executing a Branch Instruction 


Determining the relative address to use as the second byte of the branch 
instruction can be confusing unless you keep in mind the method by 
which the MPU executes a program. Therefore, let’s go through the 
manipulations that take place within the MPU during the execution of 
the branch instruction. 


Figure 4-2 shows sections of a program stored in memory. Let’s assume 
that the MPU has been executing this program. Let’s further assume that 
the MPU just completed the execution of the LDA 05 instruction at 
addresses 12,, and 13,5. The address register still holds the address of the 
last byte that was read from memory. The accumulator and data register 
hold the contents (05) of the last location that was read out. 


Notice that the program counter contains the address of the next instruc- 
tion to be executed. This address points to the branch instruction in 
memory location 14,,. Let’s pick up the action at this point. 
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Figure 4-2 


Status of the MPU registers after 


executing the LDA 05 instruction. 
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Figure 4-3 shows how the first byte of the branch instruction is fetched. 
This is the standard fetch operation that was discussed earlier: 


1. The address (14,,) is transferred from the program counter to 
the address register. 

2. The program counter is incremented to 15,4. 

3. The address is strobed onto the address bus. 

4. The contents of the selected memory location are transferred 
via the data bus to the data register. 

5. Theinstruction decoder examines this opcode and finds it tobe 
a branch instruction. 
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Figure 4-3 
Fetching the BRA instruction. 
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Therefore, the controller-sequencer starts the procedure for executing a 
branch instruction. 


During the next machine cycle, the relative address is fetched. This 
procedure is shown in Figure 4-4. The major events are: 


1. The address (15,¢) is transferred from the program counter to 
the address register. 

2. The program counter is incremented to 16,4. 

The address (15,.) is strobed onto the address bus. 

4. Thecontents of location 15,, are transferred to the data register 
via the data bus. 
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Figure 4-5 shows the state of the various registers after the relative 
address is fetched. The relative address (07 ,,) is in the data register. Now 
look at the program counter. Notice that it points to address 16,¢. How- 
ever, the MPU has not yet finished executing the branch instruction. It 
must now compute the new address by adding the relative address to the 
program count. It uses the addition capabilities of the ALU to perform 
this function. That is, the program count and relative address are strobed 
into the ALU. The ALU adds the two together and produces a sum of 


0001 0110 program count 
0000 0111 relative address 
0001 1101 new program count 


This sum is loaded into the program counter. Thus, the next instruction is 
fetched from memory location 1D,,. That is, the next instruction to be 
executed is the ADD 06,, instruction. 
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Figure 4-5 
Computing the address of the 
next instruction. 
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Branching Forward 


Branching in the forward direction is a simple task if you know the value 
of the program count when the relative address is added. A couple of 
examples will illustrate the procedure. 


In Figure 4-6A, the BRANCH 03 instruction is placed in locations 32,, 
and 33,,. Assuming this instruction is executed, from which location will 
the next instruction be fetched? Remember that the program counter will 
always point to the next byte in sequence. Since the last byte fetched was 
the relative address from location 33,,, the program counter must be at 
34,, when the relative address is added. Adding the relative address 
produces a new program count of 


3416 
+ 316 
3716 


Thus, the next instruction will be fetched from location 37 jg. 
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Figure 4-6B shows a slightly different situation. Here we wish to branch 
to the instruction at address 24 ,,. The opcode for the branch instruction is 
at address 18,,. What relative address is required at location 19,, in order 
to implement this branch? 


Keep in mind that the program count will automatically advance to 1A4, 
after the relative address is fetched from address 19,,.. Also, remember 
that the relative address is added to the program count. Thus, a relative 
address of 00 would result in a “branch’”’ to location 1A,.. A relative 
address of 01 would result in a branch to location 1B,,. Continuing this 
procedure until location 24,, is reached, you find that a relative address of 
10,9 is required. That is, the relative address must be OAj¢ or 1049. 


There is a simple procedure for determining the relative address when 
branching forward. Subtract the originating address from the destination 
address. The difference is the relative address. 


In our example, the originating address is 1A,,.. Remember this is the 
program count at the time the relative address is added. The destination 
address or the address to which you wish to branch is 24,.. Subtracting 
the originating address from the destination address, you find that the 
required relative address is 


0010 0100, 24. Destination address 
~—0001 1010, 1Ais Originating address 
0000 1010, OA Relative address 


As you can see, a relative address of OA,, is called for. 
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Branching Backward 


A backward branch is used when a part of the program is to be repeated. 
The technique used for branching backward is similar to that used in 
branching forward. The difference is that a negative number is used as the 
relative address. As you learned earlier, two's complement representa- 
tion is used to signify negative and positive numbers. Therefore, the 
relative address portion of any branch instruction is interpreted as a two's 
complement number. 


This means that bit 7 of the relative address byte is a sign bit. A 0 at bit 7 
tells the MPU to branch forward; a 1 tells it to branch backward. Thus, the 
positive values for the relative address extend from 0000 0000, to 0111 
1111). This is 00,, to 7F,, and 00,, to +127 49. 


The negative values extend from 1111 1111, to 1000 0000,. This is FF,, to 
80,,and —1 to —128,9. But remember, the relative address is with respect 
to the present program count. At the time the relative address is added, 
the program count points to the next byte after the relative address. Let’s 
look at two examples of branching backward. 


The first example is shown in Figure 4-7A. To what point does the MPU 
branch when the branch instruction at address 5D,, is executed? Notice 
that the relative address is F9,.. In binary this is 1111 1001,. Recall that 
this is the two’s complement representation of —7. Thus, the program 
count should jump backwards 7 bytes — but from what point? Recall that 
after the byte at address 5E is fetched, the program count will automati- 
cally advance to 5F,, or 0101 1111,. When the relative address (F9,, or 
1111 1001,) is added, the result is 


0101 1111 < Old program count 
+ 1111 1001 <— Relative Address 
1 0101 1000 < New program count 


Carry is ignored 


The carry bit is ignored, leaving a new program count of 58,,. Thus, the 
next instruction will be fetched from address 58,,. 


Figure 4-7B shows a different problem. Here we want the branch instruc- 
tion at addresses BO and B1 to direct the MPU back to address AO. What 
relative address is required? A simple procedure is: 


1. Subtract the destination address from the originating address. 


2. Take the two’s complement of the difference. 
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Figure 4-7 
Branching backwards. 
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In our example, the program count will be advanced to B2,, after the 
relative address is fetched. This is our originating address. The point to 
which we wish to branch is AO,,. This is our destination address. Sub- 
tracting yields a difference of 


1011 0010, B24¢ Originating address 
— 1010 0000, A0j¢ Destination address 
0001 0010, 1256 Difference 


Next you compute the relative address by taking the two’s complement of 
the difference. The two’s complement of 0001 0010, is 1110 1110,. In 
hexadecimal this is EE,.. Thus, the required relative address is EE,.. 
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Self-Test Review 
1. What addressing mode is used by the branch instruction? 
2: What does the second byte of a branch instruction indicate? 


3. What happens in the MPU during the execution of the branch 


instruction? 
4. What type of relative address causes a branch forward? 
5. What type of relative address causes a branch backwards? 
6. What is the maximum number of memory locations that can be 


branched over during a forward branch? 


fe What is the maximum number of memory locations that can be 
branched over during a backward branch? 


8. The opcode for the branch instruction is at address 20,,. The rela- 
tive address is 06,,. After the branch instruction is executed, from 
what address will the next opcode be fetched? 


9. The opcode for the branch instruction is at address 20,,. The rela- 
tive address is F1,,. After the branch instruction is executed, from 
what address will the next opcode be fetched? 
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Answers 
1. ‘Relative addressing. 
2. The second byte of the branch instruction is the relative address. 


This number is added to the contents of the program counter to 
form the absolute address. 


3. The relative address is retrieved from memory and is added to the 
program count. The new program count goes into the program 
counter. 

4. A positive two’s complement number. 

5. A negative two’s complement number. 


6. 0111 1111, or +1274. 
7. 1000 0000, or — 1284p. 


8. 28,,. Recall that during the execution of the branch instruction, the 
program counter will be incremented twice to 22,5. Thus, when the 
relative address (06,,) is added, the new address becomes 28,,. 


9. Asin answer 8, the program counter is automatically advanced to 
22,1, (0010 0010.) before the relative address is added. F1,, is 
equalto1111 0001,. When this is added to the program count, the 
new address becomes 


0010 0010, Old program count 
1111 0001, Relative address 
1 0001 0011, New program count 


Ignore carry 


Thus, the next opcode will be fetched from address 13 j,. 
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CONDITIONAL BRANCHING 


The branch instruction allows the MPU to jump forward over a block of 
data or over a portion of a program. It also allows the MPU to jump 
backwards so a group of instructions can be repeated. 


Until now we have been discussing the unconditional branch instruc- 
tion. This type of instruction always results in a program branch. For this 
reason, it is called the BRanch Always instruction. Its mnemonic is BRA. 


There are other types of branch instructions that greatly expand the 
versatility of the MPU. These are called conditional branch instructions. 
Unlike BRA, these instructions cause a branch only if some specified 
condition is met. 


A good example of a conditional branch instruction is the Branch If 
Minus (BMD). This instruction may or may not initiate a branch operation, 
depending on the result of some previous arithmetic or logic operation. 
This instruction might be placed after a subtract instruction. If the result 
of the subtraction is a negative number, the branch would be im- 
plemented. Otherwise, the MPU would continue to fetch and execute 
instructions in numerical order. An example may help to illustrate this. 


Figure 4-8 shows part of a program that uses the branch if minus (BMI) 
instruction. Let’s start with the instruction at address 95,,. This instruc- 
tion causes the contents of location BO,, to be loaded into the ac- 
cumulator. Next, the SUB instruction subtracts the contents of location 
B1i,, from the number in the accumulator. The next instruction (BMI) 
examines the result of the subtraction. If the result was a minus number, 
the program will branch over the next three bytes. That is, the next 
instruction to be executed is the STA instruction at adress 9E,,. Thus, 
the resulting number in the accumulator is stored in location B3,, and the 
MPU halts. 


If the result of the subtraction is not minus, the BMI instruction has no 
effect. That is, the BMI instruction is fetched and executed but no branch 
occurs because the specified condition is not met. In this case, the next 
instruction to be executed is the STA instruction at address 9B,,. Thus, 
the result of the subtraction will be stored in location B24¢. 
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Figure 4-8 
This program uses the BMI instruction 
to make a simple decision. 


Notice that the program flow can take one of two paths, depending on the 
result of the subtraction. The BMI instruction gives the MPU this capabil- 
ity. The conditional branch instructions are sometimes called ‘decision 
making instructions.” The reason for this becomes obvious if you con- 
sider the implications of our sample program. Here the MPU decides if 
the number at address B1,, is larger than that at BO,,. The program path is 
determined by the outcome of this decision. If the number in B1,, is 
larger, the result of the subtraction is a negative number. In this case, the 
result is stored in location B3,,. Otherwise, the resulting difference is 
stored in location B2,.. 


Virtually all programs must make some type of decision. Some frequently 
encountered decisions are: 


‘Which of two numbers is larger?” 

“Does this byte representa letter of the alphabet or a numeral?” 
‘“‘Are these two numbers equal?” 

“Is this an even number?” 


“Has the program loop been repeated the proper number of 
times?” 


Conditional branch instructions are used in making all of these decisions. 
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Figure 4-9 
Condition code registers monitor the 
operations in the accumulator. 


o 


Condition Codes 


As the name implies, a conditional branch instruction causes a program 
branch only if some specified condition is met. Some commonly moni- 
tored conditions are: 


1. Did a previous operation result in a negative number in the 
accumulator? 

2. Did a previous operation result in zero in the accumulator? 

3. Did a previous operation result in a carry from bit 7 of the 
accumulator? 


To keep track of these conditions, most microprocessors have a group of 
single bit registers called condition code registers. Three of these regis- 
ters are shown in Figure 4-9. They are the Negative (N) Register, the Zero 
(Z) Register, and the Carry (C) Register. 


Negative (N) Register Recall that negative numbers are expressed in 
two’s complement form. Using this system, the most significant bit de- 
termines whether or not the number is negative. In an 8-bit byte, bit 7 isa 
1 if the two’s complement number is negative. Thus, the N register 
monitors bit 7 of the accumulator. Immediately after an operation that 
involves the accumulator, the N register looks at bit 7 to see if the number 
is negative. If so, the N register is set to 1. If the number in the accumulator 
is not negative, the N register is reset to 0. 


Most operations that involve the accumulator affect the N register in this 
way — but not all. Jn a later unit we will point out how this register is 
affected by each instruction. In this unit, we will assume that the N 
register is affected as outlined above any time a number is added to, 
subtracted from, loaded into, or stored from the accumulator. 


Another name for a condition code is a flag. Thus, the N register is 
sometimes called the N flag or the negative flag. 


Zero(Z) Register This register monitors the accumulator looking for all 
zeros. Immediately after an operation that involves the accumulator, the 
zero-detect circuit looks at the resulting number. If all 8 bits are 0, the Z 
register is set to 1. Otherwise, the Z register is reset to 0. Most operations 
that involve the accumulator affect the Z register in this way. 
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Carry (C) Register TheC register acts somewhat like an extension of the 
accumulator. You have seen that when two unsigned 8-bit numbers are 
added, the sum is frequently a 9-bit number. For example: 


1001 0010 8-bit addend 
+ 1100 0110  8-bit augend 
1 0101 1000 ‘9-bit sum 


carry 


Since the accumulator is an 8-bit register, the sum will not fit. The most 
significant bit (the carry) would be lost if you did not have another 1-bit 
register to hold it. This is the purpose of the C register. Any operation that 
causes a carry out of bit 7 will set the carry register to 1. Arithmetic 
operations that do not result in a carry will reset this register to 0. 


The carry register is also used to keep track of ‘“‘borrows” during subtract 
operations. If a subtraction requires a borrow for bit 7, the carry flag will 
also be set. For example, suppose you subtract an unsigned, binary 
number from a smaller unsigned binary number. The result will, of 
course, be a negative number. Moreover, bit 7 will have to “borrow” a bit 
to complete the subtraction. As a simple example, let’s subtract 2 from 1. 
The subtraction looks like this 


Borrow— 1 
0000 0001 Minuend 
— 0000 0010 Subtrahend 
1111 1111 Difference 


The carry bit is set to 1 to indicate that a borrow operation occurred. Many 
subtraction operations do not require borrows. In these cases, the carry bit 
is reset to 0 to indicate that no borrow occurred. 


Notice that the carry code can have different meanings, depending on the 
operation involved. That is, a 1 can mean either that a carry occurred or 
that a borrow occurred. The precise meaning of the 1 depends on whether 
the operation was an addition or a subtraction. We will discuss some 
additional aspects of the carry register in a later unit. 
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Overflow (V) Register The final condition code that is to be considered 
in this unit keeps track of two’s complement overflow. Figure 4-10 shows 
how this register is connected in the MPU. A special circuit detects an 
overflow condition by monitoring bit 7 of the ALU’s input and output 
lines. This circuit sets the V flag when an overflow occurs but clears it if 
no overflow occurs. 


OVERFLOW 
REGISTER 


Co 
vf 


OVERFLOW #M 10 
DETECT ACCUMULATOR 
LOGIC 7 4 aa pee 


7 oO 






heel 
|} OUTPUT 






ARITHMETIC LOGIC UNIT 
(ALU) 


| INPUT | | INPUT | 


FROM 
ACCUMULATOR 





7 10 


Peres 


DATA REGISTER 


Figure 4-10 
The overflow register monitors bit 7 of 
the ALU’s input and output lines. 
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Let’s see what is meant by two’s complement overflow. Recall that the 
ALU adds numbers as if they were unsigned binary numbers. Even so, it 
can handle signed binary numbers if the proper bit patterns represent the 
negative numbers. This is the reason that the two’s complement method 
of representing signed numbers has become so popular. A disadvantage 
of this system is that the magnitude of the number must be represented by 
7 bits, since the eighth bit is used as the sign. Remember that a 1 in the 
MSB defines the number as negative. 


Unfortunately, if two signed numbers are added and their sum exceeds 
7-bits, the sign bit will be changed. For example, assume that a program 
adds +73, ) and +9619. The addition looks like this: 


0100 1001, +73, 
0110 0000, +964 
1010 1001, 1694 





The answer is correct if all the binary numbers represent unsigned quan- 
tities. However, using two’s complement, the underlined bits represent 
sign bits. Therefore, the answer does not represent 169,09. Instead, it 
represents — 87,9. The reason for this error is that there was an overflow 
from bit 6 into the sign bit (bit 7). This is one of the situations that the V 
flag indicates. 


When two’s complement numbers having the same sign are added, the 
sum should have the same sign. That is, when two positive numbers are 
added, the sum should be positive. By the same token, when two negative 
numbers are added, the sum should be negative. However, an overflow 
can cause the sign to be reversed. The overflow logic detects this situation 
and sets the V flag whenever an overflow occurs. 


The sign bit can also be upset during subtract operations. For example, 
when a negative number is subtracted from a positive number, the results 
should be positive. Remember that subtracting a negative number is 
tantamount to adding a positive number. However, in certain cases, an 
overflow can reverse the sign bit. This type of overflow occurs when the 
signs of the minuend and subtrahend are opposite and the difference has 
the sign of the subtrahend. This condition also sets the V flag. 
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Conditional Branch Instructions 


The conditional branch instructions available in our hypothetical micro- 
processor are shown in Figure 4-11. While these are largely self- 
explanatory, a couple of points should be mentioned. 


INSTRUCTION | MNEMONIC OPCODE | BRANCH IF 
24 


Branch It Carry Clear BCC 


Branch If Carry Set BCS 
Branch If Not Equal Zero BNE 
Branch If Equal Zero 

Branch If Plus 

Branch If Minus 

Branch It Overflow Clear 


Branch If Overflow Set 





Figure 4-11 


Conditional Branch Instructions. 


The first instruction, Branch If Carry Clear (BCC), monitors the C register. 
If the carry register is reset to 0, the branch is implemented. Notice that 
the words ‘“‘clear’” and “reset’’ are used interchangeably in this regard. 
They both mean the register contains a 0. 


The branch instructions that monitor the Z register can also be confusing. 
The Branch If Equal Zero (BEQ) instruction implements a branch when 
the Z register is set to 1. Recall that the Z register is set to 1 when the 
number in the accumulator is zero. Thus, you must remember that a 0 in 
the Z register means that the number in the accumulator is not zero. 


These conditional branch instructions can be used with other instruc- 
tions to make a wide range of decisions. They greatly increase the power 
of the microprocessor. More than any other type of instruction, the 
conditional branches are responsible for the MPU’s “intelligence.” In the 
next section, you will see how these instructions are used. 
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Self-Test Review 


10. What is the difference between an unconditional branch instruc- 
tion and a conditional branch instruction? 


11. Whatcondition is tested by the branch if minus (BMI) instruction? 
12. When is the N flag set? 
13. When is the Z flag set? 
14. During anadd operation, the C flag is set. What does this represent? 


15. During a subtract operation, the C flag is set. What does this indi- 
cate? 


16. Often, when two positive 2’s complement numbers are added, the 
sign bit of the answer will indicate a negative sum. This “error” can 
be spotted by checking which flag? 


17. Under what condition will the BEQ instruction cause a branch to 
occur? 


18. Under what condition will the BPL instruction cause a branch to 
occur? 


19. When subtracting unsigned binary numbers, which flag indicates 
that the difference is a negative number? 


4-26 lurroun—C—C—C—“‘*CSCSC_ac PROCESSORS 


Answers 


10. 


11. 


12, 


13. 


14. 


15. 


16. 


17. 


18, 


19. 


An unconditional branch instruction always causes a branch oper- 
ation to occur. On the other hand, the conditional branch instruc- 
tion implements a branch operation only if some specified condi- 
tion is met. 


The BMI instruction tests the Negative (N) register to see if it is set. 


Generally speaking, the N flag is set if the previous instruction lefta 
1 in the MSB of the accumulator. 


Generally, the Z flag is set if the previous instruction left all zeros in 
the accumulator. 


During an add operation, the carry bit is set if there is a carry from 
bit 7 of the accumulator. 


During a subtract operation, the carry bit is set if bit 7 had to 
borrow” a bit to complete the subtraction. 


This condition results from a two’s complement overflow. Thus, 
the V flag will be set if this condition occurs. 


The BEQ instruction causes a branch to occur only if the Z register 
is set. 


The BPL instruction causes a branch to occur only if the N register 
is clear. 


The carry flag. 
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MICROCOMPUTER PROGRAMMING 


As the programs you write increase in complexity and length, the need 
for some type of organization for problem solving becomes quite evi- 
dent. 


The exact method of problem solving will vary from person to person. 
Some may have an intuitive “feel” for program development and may 
write programs “off the top of their head”. If you can do this, you 
are fortunate indeed. Most people, however, need a formal “plan of 
attack” when solving problems and writing programs. 


Essentially, there are three steps to writing a program. The first is to 
define the problem. This may seem like a relatively easy task but it 
sometimes proves to be the most difficult. Unfortunately, there is no 
set procedure for defining problems. Some problems will lend them- 
selves to mathematical definitions while others may require a logical 
or graphical approach. We can only advise you to analyze each situation 
carefully before you attempt to define the problem. 


The last step in creating a program is the writing of that program using 
the instruction set for your microprocessor. You already know a little 
bit about writing programs and you will be learning much more as 
you progress through the course. What we are primarily concerned with 
here is the second step in creating a program: mapping or flowcharting 
the solution. 
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The Flowchart 


Given a well structured blueprint, a carpenter can construct even the 
most complex project with little or no difficulty. The same is true of 
a programmer with a good flowchart. As a matter of fact, some flow- 
charts are so detailed that little remains for the programmer to do other 
than fill in the appropriate instructions. For our purposes, we’ll use 
a simple flowcharting technique using the five most common symbols. 
These are shown in Figure 4-12. 


| | OO 


OPERATIONS DECISION TERMINAL 
O =a 
CONNECTOR FLOW LINES 
Figure 4-12 
Flowchart Symbols. 


THE SYMBOLS 
All flowcharts have a beginning, and most flowcharts will have an end. 
These are referred to as the “terminal” points of the flowchart and 


they are represented by the terminal symbol. The terminal symbol seen 
in Figure 4-13 is simply labeled “start” or “stop”, to denote its meaning. 


== 


Figure 4-13 
Terminal Symbol. 


( sTop_) 
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The operations box is probably the most frequently used flowchart sym- 
bol. It may represent a transfer process such as moving or loading data 
or an algebraic process like addition or multiplication. It can also be 
used for such statements as “print” or “set”; which we will get into 
later. If you have a process that is not specified by one of the other 
symbols, use the operations box. Later we will introduce some addi- 
tional flowchart symbols. Some examples of the operations box use 


are shown in Figure 4-14. 
LOAD MOVE 
A ATOB 


sens MULTI- 

a PLY 
A AxB 
PRINT SETA 
A TO 15 


Figure 4-14 
Operation Box. 


The diamond-shaped decision box is really the “heart” of the flowchart. 
It indicates a logical choice between two conditions and, therefore, 
it controls the direction of program flow. If a condition is satisfied, 
the “yes” route is taken. If the condition is not satisfied, then the “no” 
route is selected. Typical examples for using the decision box are shown 
in Figure 4-15. The yes and no routes can originate in any corner of 
the diamond. 


YES NO 





NO YES 


Figure 4-15 


Decision Box. 
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Flow lines and connectors are used to tie the symbols and sections 
of the flowchart together. Normally, the chart will be arranged to flow 
from top to bottom and from left to right. However, there is no set 
rule in regard to this and the flowchart could just as well flow in the 
opposite direction. The use of flow lines as well as connectors is dem- 
onstrated in Figure 4-16. The connector symbols direct you from one 
section of the program to another. The connectors are labeled with 
values to indicate where the connection takes place; 1A connects with 
1A, 2A connects with 2A, etc. 


PAGE 1 


MOVE 
NAME 
TO PRINT 


MOVE 
ADDRESS 
TO PRINT 


WRITE 
PRINT 





Figure 4-16 


Connectors and Flowlines. 


MATHEMATICAL SYMBOLS 


Usually, sophisticated flowcharts use mathematical symbols to repre- 
sent the decision making process. These symbols allow us to illustrate 
our decision quickly and concisely. In Figure 4-17A you see the five 
most frequently used symbols and their meanings. Figure 4-17B shows 
some examples of their use. 


A SYMBOL EXAMPLE DESCRIPTION 
1, = A=B A is equal to B. 
2. > A>B A is greater than B. 
3. < A<B Ais less than 8. 
4 = A2B Ais greater than or equal to B. 
5. = A=B Ais less than or equal to B. 















Als 
GREATER 


AIS 
GREATER 


Als 
LESS 


THAN 14 THAN 10 NO THAN OR 
EQUAL TO 100 
Als Als Als 
14 OR 10 OR LESS THAN 
UNDER HIGHER 100 
Figure 4-17 


Mathematical Decision Making 
Symbols and Their Use. 
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CONSTRUCTING THE FLOWCHART 


Now that you can identify flowchart symbols, it’s time to solve a few 
problems using flowcharts. The first, to add three numbers and produce 
a sum, is shown in Figure 4-18. The problem and the mathematical 
expression of the problem are shown on the left. The mathematical 
expression serves as a definition of the problem. Our flowchart is on 
the right. 


(“SanT) 


PROBLEM: 






1. Add 3 numbers: 
A. B, and C producing sum, S. 


2. Print sum. 


S=A+B+C 


(stop) 


Figure 4-18 
Flowchart Construction. 


It begins with the start terminal symbol. In a flowchart of this size 
you might think that this symbol is unnecessary. But, no matter how 
simple you think a flowchart is, always use the start terminal symbol. 
You will see later on in this course that flowcharts can get quite lengthy, 
and it is often necessary to return to the beginning of your flowchart. 
The start terminal symbol allows you to do this with ease. If you use 
it all the time, even when it seems unnecessary, then you’ll never get 
into difficulty locating the beginning of the program. 


Next we find an operation box that tells the computer to read, or iden- 
tify, the variables A, B, and C. This process would actually move the 
numbers from memory into the microcomputer. Again, you might think 
that this box is unnecessary or that it could be combined with the 
next operations box. But, remember, the more detailed the flowchart, 
the easier it is to write your program from it. 
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In the second operations box, the computer is instructed to add A, 
B, and C, giving you the total S. The final operations box tells the 
computer to print the solution, S. Finally, the stop terminal symbol 
is used to end the process. 


Now that you have seen how it is done, it’s time to look at a more 
complex problem. In Figure 4-19 you see a drawing of a traffic intersec- 
tion. Main Street is a busy thoroughfare while Side Street handles only 
a moderate amount of traffic. A traffic study shows that if traffic on 
Main Street is allowed to move for two minutes, while traffic on Side 
Street is allowed to move for one minute, the intersection controls traf- 
fic very efficiently. Light A has been assigned for control of traffic on 
Main Street and light B for control of traffic on Side Street. 


LIGHT 
A 
wo, SO 
ee ee % O mas 
2 MIN. MAIN oC a 


2 MIN. 





STREET 


2) LIGHT 
eae 


B 
LIGHT ( \NueHt , 
i | B = CY 
| SOE a 
MIN. ot ee 10 SEC. 
OF on 


1 MIN. 





Figure 4-19 
The Traffic Problem. 


It is not necessary at this point, but you might like to try to draw this 
flowchart yourself. If not, just read along while we work our way 
through this problem. Before you can attempt to draw a flowchart, you 
must carefully examine the problem. That is, you must carefully deter- 
mine exactly what each light must do. 


Light A must remain green for two minutes. Naturally, you want a 
caution light between red and green. We suggest a yellow light duration 
of 10 seconds. The duration of the red light will be controlled by light 
B. Light B, on the other hand, will be green for one minute and yellow 
for ten seconds. When light B turns red, light A turns green and the 
cycle repeats. 
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With this information, you should encounter little difficulty drawing 
the flowchart for this problem. Defining the problem in detail will al- 
ways simplify problem solving. If you care to try your hand at this 
flowchart, grab a pencil and some paper and give it a try. If not, just 
continue reading. You’ll find our solution in Figure 4-20. 










LIGHT “A” 
TA? WA > A A. 
oO © SOP <= QO = 
= OQ > — QO z > = = 
= > S SRC = © = O 
CHANGE NGE 
(_ START -| UGHTA GHT A 
TO GREEN TO RED ~) 
LIGHT “B" 
> 
£} = QO > 
P O 






CHANGE 
1G 


LIGHT B 
TO GREEN 


UNCONDITIONAL 
BRANCH 


Figure 4-20 
The Traffic Solution. 


The flowchart begins in the top left-hand corner of Figure 4-20. The 
first five operation blocks control the operation of light A. You begin 
the program at the box that changes light A to green. The second process 
holds the light green for two minutes. After this, light A must change 
to yellow and hold there for ten seconds as the next two blocks indicate. 
Finally, light A is changed red by the fifth operation. 


Connector 1A tells you that the flow of the program picks up at the 
corresponding 1A connector in the bottom left-hand corner of the illus- 
tration. Here, you enter the light B routine that controls the traffic on 
Side Street. Now that the traffic on Main Street has a red light, it is 
safe to change light B to green. Light B is held green for one minute, 
then it is changed to yellow and held for ten seconds. Finally, light 
B changes to red. Of course, you want this process to repeat so you 
draw a flow line from the end of the light B cycle back to the beginning 
of the light A cycle. 
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This type of a flow line is called an unconditional branch because 
it must always point to a particular point in the program. The uncondi- 
tional branch in a flowchart would correspond to an unconditional 
branch in the actual program. 


There are other flow lines that originate at a decision box rather than 
at an operation box. These are called conditional branches because the 
flow of the program along these lines is based on the conditions stated 
in the box. Conditional branches in a flowchart are related to condi- 
tional branches in an actual program. 


Figure 4-21 demonstrates the use of the decision box and the condi- 
tional branch. The problem is stated on the left and the flowchart solu- 
tion is shown on the right. 


Ginn) 


WAIT FOR SALE 


ADD 1 TO 
TOTAL NUMBER 

OF TICKETS 
PURCHASED. 

















A THEATER HAS 1000 SEATS. 
THE MANAGER WANTS THE 
"SOLD OUT" SIGN TO LIGHT 
AUTOMATICALLY WHEN ALL 
THE TICKETS HAVE BEEN 
SOLD. 








SUBTRACT 
TOTAL NUMBER 
OF TICKETS 
PURCHASED 
FROM 1000, 





DOES 
1000-TOTAL 
PURCHASED 
EQUAL 0? 





NO 





RETURN TO 
SELL MORE 
TICKETS 
LIGHT 
"SOLD OUT" 
SIGN 
y 
(stop ) 
Figure 4-21 


The Use of the Decision Box. 
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Again, the chart begins with the terminal start symbol. As each ticket 
is purchased, it is added to the total number of tickets purchased. Then 
the total number of tickets sold is subtracted from the number of seats 
available. 


Now the decision must be made. If all tickets have not been sold, you 
must branch to the beginning of the flowchart and resume the count. 
If all tickets are sold, that is if the result of the subtraction is zero, 
then branch forward and light the “SOLD OUT” sign. Once the sign 
is lit, you complete the flowchart with the stop terminal symbol. Al- 
though the problem is very simple, there is no way to solve it without 
using a decision box and conditional branches in the flowchart. 


Self Review Questions 


20. 


21. 


22. 


23. 


24. 


The five most common flowcharting symbols are the: 


HOO Dp 


You are permitted to use mathematical symbols in a flowchart. 
(True/False) 

The flowchart should always begin with a start terminal symbol. 
(True/False) 


The, ee SS I a lower 
corresponds to the unconditional branch in the actual program. 


The: 25 5 ia flo wehart are 
related to the conditional branch in an actual program. 
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Self Review Answers 


20. 


21. 


22, 


23. 


24, 


The five most common flowcharting symbols are the: 


A. Terminal Symbol 
B. Operations Box 
C. Decision Box 

D. Flow Lines 

E. Connectors 


True. Flowcharts make use of mathematical symbols. 


True. The flowchart should always begin with a start terminal 
symbol. 


The unconditional branch in a flowchart corresponds to the un- 
conditional branch in the actual program. 


The conditional branch in a flowchart is related to the condi- 
tional branch in an actual program. 
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ALGORITHMS 


An algorithm is a step-by-step procedure for doing a particular job. It 
generally involves doing a complex task by stringing together a series of 
simple steps. To illustrate the use of an algorithm, consider the following 
very simple example. 


Multiplying by Repeated Addition 


Most microprocessors do not have hardware multiply capabilities. That 
is, they do not have a multiplication circuit nor a multiply instruction. 
Nevertheless, the microprocessor can be made to multiply by use of an 
algorithm. One procedure for doing this was discussed earlier. It in- 
volved adding the multiplicand to itself the number of times indicated by 
the multiplier. In the previous example, this was done by using a separate 
ADD instruction for each addition. This procedure is unsatisfactory for 
two reasons. First, it results in excessively long programs. Second, you 
must know the value of the multiplier so that you know how many ADD 
instructions to include. 


A better approach, although still far from ideal, is to use a program 
loop that will multiply two numbers by repeated addition. For the time 
being, assume that the two numbers are both positive and that the prod- 
uct does not exceed 25519. Let’s further assume that we use only the 
instructions which have been discussed up to this point. In fact, we 
will restrict ourselves to the instructions shown in Figure 4-22. 











ADDRESSING MODE 

INSTRUCTION IMMEDIATE DIRECT 
| Load Accumulator | nas] ws S| ls S| | 
| Clear Accumulator [LRAT bes ee 
| Decrement Accumulator] ss DECA ff ite Se ee | 
|_Increment Accumulator [INCA OT pe eee 
| StoreAccumulator of STAT 
eae AS ee. oe 
YSubvat Sid] SSBC OCS] CTC CTCC~S 

Branch Always j- BRA eee 
eee | ee 
| BranchifMinus | BMC 
ee ee 

Figure 4-22 


Instructions to be used. 
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The algorithm for multiplying by repeated addition is quite simple. To 
multiply A times B, you merely add A toa specific location B times. For 
example, to multiply 5 times 3, you clear a location and then add 5. You 
continue the addition until 5 has been added 3 times. The number in the 
affected location will then be 15,) which is the product of 5 times 3. 


The success of this operation depends on the microprocessor knowing 
when to stop. It must add 5 three times, but only three times. One way to 
keep track of the number of additions is to decrement the multiplier (3) 
each time an addition is made. When the multiplier reaches 0, the proper 
number of multiplications has been carried out. 


Figure 4-23 is a flow chart that illustrates the algorithm. In the first 
two steps, the MPU clears the accumulator and stores the resulting 
number (0) in the product. This ensures that the product is zero before 
the first number is added. Next, it loads the multiplier and checks 
to see if the multiplier is 0. If so, the process is stopped since a multi- 
plier of 0 dictates a product of 0. 


In our example, the multiplier is 3; therefore, we exit the decision block 
via the ‘‘no” line. The next step tells us to decrement the multiplier. The 
new value of the multiplier (2) is stored for future use. Next, the product 
whose present value is 0 is loaded. Then, the multiplicand (5) is added so 
that the new value of the product becomes 5. This completes our first pass 
through the program. Remember that the multiplicand has been added 
once and that the multiplier has been reduced by one. 


Notice that the program loops back to the input of the second block. The 
product which now has a value of 5 is stored back in memory. The 
multiplier (which is now 2) is loaded and tested. Because its value is not 
yet 0, the multiplier is decremented to 1 and stored again. The product 
(whose value is now 5) is then loaded and the multiplicand is added so 
that a new value of 10,, is obtained. 


The program loops again and the new product (10,9) is stored. The 
multiplier (whose value is now 1) is loaded and tested. Because its value 
is still not 0, it is decremented again. Notice that the value of the multip- 
lier is now O. This value is stored away, the product (10,,) is fetched, and 
the multiplicand is added once more. The new value of the product 
becomes 154. 
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o™ 
\Y 


Clear 
Accumulator 





Figure 4-23 
Flow chart for multiplying by repeated 
addition. 


The program loops again and the product is stored. The multiplier is 
loaded and tested. Recall that the value of the multiplier is now 0. 
Consequently, we exit the decision block via the “yes” line. The program 
has accomplished its task and it now stops. Notice that the value of the 
product is 15,) which is the proper answer for 5 x 3. 
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The next task is to convert the flow chart to a program that the computer 
can execute. Figure 4-24 shows such a program. Carefully compare this 
program to the flow chart paying particular attention to the comments 
column. Work through the program on paper and verify that it will 
multiply the numbers at addresses 11,5 and 1235. Although 3 and 5 
are used in this example, the program will work for any values of multi- 
plier and multiplicand as long as the product does not exceed 25549. 


HEX HEX MNEMONIC/HEX COMMENTS 
ADDRESS CONTENTS CONTENTS 
00 4F 


Clear the accumulator. 

Store the product 

in location 134.. 

Load the accumulator with the 
multiplier from location 1216 

It the multiplier is equal to zero, 
branch down to the Halt instruction. 
Otherwise, decrement the multiplier. 
Store the new value of the 
multiplier back in location 12y.. 
Load the accumulator with the 
product from location 13,6. 

Add 

the multiplicand to the product. 
Branch back to instruction 

in location 01. 

Hak. 

Multiplicand. 

Multiplier. 

Product. 





Figure 4-24 
This program multiplies the numbers 
at addresses 111.6 and 12,., and places 
their product at address 134,. 
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Dividing by Repeated Subtraction 


Another interesting algorithm is one that allows the microprocessor to 
divide by repeated subtraction. The technique is to keep track of the 
number of times that the divisor can be subtracted from the dividend. For 
example, suppose you wish to divide 47,, by 15,9. The divisor can be 
subtracted 3 times: 


First subtraction Second Subtraction Third Subtraction 


-1510 i ae a 
3210 1710 210 





Because three subtractions occurred, the quotient is 3. Also, because 2 
was left after the last subtraction, the remainder is 2. We can verify this by 
long division: 


310 < Quotient 
divisor — 15, ) 47; << Dividend 

4510 

2:09 < Remainder 


The microprocessor keeps track of the number of subtractions by incre- 
menting the quotient by one each time a subtraction occurs. Of course, 
the quotient must be initially set to zero. 


The divisor is subtracted from the dividend until any further subtraction 
would result in a negative number. The MPU can use the BMI instruction 
to check for a negative result on each loop. The negative result is the 
indication that the process is finished. 
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A flow chart for this algorithm is shown in Figure 4-25. The actual 
program is shown in Figure 4-26. the program is arbitrarily placed in 
locations 00 through 1015. The dividend (4719) is at address 11, while 
the divisor (1549) is at address 12:5. When executed, the program will 
produce the quotient at location 131, and the remainder at location 
11ig. 





Figure 4-25 
Flow chart for dividing by repeated 
subtraction. 
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HEX HEX MNEMONIC/HEX 
00 4F 


Clear the accumulator. 

Store in the quotient which 

is at address location 1316. 

Load the accumulator with the 
dividend from location 1116. 
Subtract the 

divisor from the dividend. 

If the difference is negative, brach 
down to the Halt instruction. 


Otherwise, store the difference 
back in location 111.. 
Load the accumulator with the 


quotient. 

Increment the quotient by one. 
Brach back to instruction 

in location 01. 

Halt. 

Dividend (4710). 

Divisor (1549). 

Quotient. 





Figure 4-26 
This program divides by 
repeatedly subtracting the divisor 
from the dividend. 


Refer to the flow chart and the comments column of the program. Before 
reading further, try running through the program on paper. This will give 
you a feel for how the computer solves the problem. 


Now let’s go through the program to see what it does. The first two 
instructions clear the quotient. Next, the dividend (47,) is loaded into the 
accumulator and the divisor (15,.) is subtracted. The BMI instruction is 
used to examine the difference (32,9). Since the difference is not minus, 
the branch does not occur. Consequently, the next instruction stores the 
difference (32,.) back in the location from which the dividend came. In 
effect, the difference becomes the new dividend. Next the quotient (0) is 
loaded and is incremented to 1. The program then branches back to the 
instruction in location 01. This instruction stores the quotient (1) back in 
location 13,.. 
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On the next pass through the program, the new dividend (32,9) is loaded 
and the divisor (15,9) is subtracted again. This produces a difference of 
(17,0). Since the difference is not negative, the BMI instruction does not 
cause a branch. Thus, the difference is stored back in location 11,.. The 
quotient is loaded into the accumulator and is incremented to 2. The BRA 
instruction causes the program to loop once again. The STA instruction 
in location 01 stores the quotient (2) back in location 13},.. 


On the third pass the dividend (17,.) is loaded and the divisor (15,9) is 
subtracted a third time. The difference (02) is still not negative so no 
branch occurs. The difference is stored away; the quotient is loaded and is 
incremented to 03. Notice that this is the proper final value for the 
quotient. Therefore, on the next pass, the MPU should be able to break out 
of the loop. 


The quotient is stored back in location 13,,. The dividend, which now has 
a value of 2, is loaded. The divisor (15,9) is subtracted, leaving a negative 
number (—13,9) in the accumulator. The BMI instruction recognizes that 
this is a negative number and implements a branch operation. Notice that 
the MPU branches forward to the HLT instruction. Thus, the program 
ends with the quotient set to 3. The remainder is at address 11,. That is, 
the remainder is what remains of the dividend after the third subtraction. 


It may bother you that there were four subtractions and that a negative 
difference resulted from the last subtraction. However, you will recall 
that the quotient was incremented only on the first three of these subtrac- 
tions. Thus, the final quotient is 3. Moreover, the negative difference that 
resulted during the last subtraction was never stored. Consequently, the 
remainder was 2 when the program ended. 


This program does have some drawbacks. For one thing, neither the 
dividend nor the divisor can exceed 1279. Also, only positive numbers 
can be used. Finally, the program gets hung up in an endless loop if the 
initial value of the divisor is zero. While division by zero is not allowed in 
mathematics, some provision would be made in a practical program to 
recognize this eventuality. Since the program is for demonstration pur- 
poses, we will live with these shortcomings for the time being. 
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Converting BCD to Binary 


When a microprocessor is used with a terminal such as a teletypewriter, 
numerals are entered as ASCII characters. For example, the number 237, 
is entered into memory as three ASCII characters: 


Numeral ASCII Character 
2 0011 0010 
3 0011 0011 
7 0011 0111 


Notice that the four least significant bits of the ASCII character represent 
the BCD value of the corresponding numeral. Thus, we can convert these 
ASCII characters to BCD numbers simply by eliminating the four most 
significant bits. This technique was demonstrated in an earlier experi- 
ment. 


While the microprocessor does have some BCD capability, it is often 
desirable to convert BCD numbers to binary. The technique for doing this 
illustrates another useful algorithm. 


The BCD representation for 237 is: 


0010 < hundreds BCD digit 
0011 < tens BCD digit 
0111 < units BCD digit 


Notice that in this example 0010 represents two hundred, 0011 repre- 
sents thirty, and 0111 represents seven. Because of this, there is a simple 
procedure for converting BCD to binary. Starting with an initial value of 
zero, the MPU adds 100,,) as many times as indicated by the hundreds 
digit. It then adds 10,) as indicated by the tens digit. Finally, the value of 
the units digit is added on to the result. The steps involved look like this: 


1100100, 100; | One hundred added 
1100100, 100, | 2 times 
1010, 1040 | 
1010, 1049 Ten added three times 
1010, 10, ! 
0111, Tie 7 units added 
11101101, = 2371 


As you can see, this procedure ends with a binary result of 1110 1101, 
which is the binary representation for 237 9. 
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Load Hundreds 
Digit 
Is 






Store Binary 
Result 


Figure 4-27 





Flow chart for converting 


BCD to binary. 


A flow chart for this procedure is shown in Figure 4-27. Here, the 
first step is to clear the binary result. We will be adding to this result, 
so it must start out at zero. 


Next the program enters a loop in which it adds 100,, to the binary result 
the number of times indicated by the hundreds digit of the BCD number. 
The hundreds digit is loaded and tested for zero. If it is not zero, the 
hundreds digit is decremented and stored back in memory. Then the 
binary result is loaded and 100,, is added. The result is stored away and 
the loop is repeated. In our example, the hundreds digit was initially 2. 
Thus, this loop is repeated twice. The binary result will have the value 
1100 1000, (200,)) when the hundreds digit is reduced to zero. At that 
time, the program exits the decision block via the “yes” line and im- 
mediately encounters a second loop. 


The second loop is exactly like the first except that 10,) is added to the 
binary result each time the tens digit of the BCD number is decremented. 
Because the tens digit was initially 3, this loop is repeated three times. 
Ten is added to the binary result three times, bringing the result to 
1110 0110, (230,)). The program exits this loop via the “yes” line on the 
pass after the tens digit is reduced to zero. 
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The final three blocks add the units digit to the binary result. In our 
example, the units digit was 7,9. This brings the final binary result to 
1110 1101,. Notice that this is the proper binary representation for the 
unsigned number 237 1. 


A program that carries out this operation is shown in Figure 4-28. The 
three digit BCD number is stored in locations 28,5, 2935, and 2Ai.. 
the binary equivalent will be computed and placed in location 2B4.. 
Before reading further, try to work through the program. Refer to the 
flow chart and the comments column as you trace out the sequence 
that the MPU will follow. 


HEX HEX MNEMONIC/HEX COMMENTS 
ADDRESS CONTENTS CONTENTS 
00 


Clear the accumulator. 

Store 00 

in location 2B. This clears the binary result. 
Load direct 

the hundreds BCD digit. 

lf the hundreds digit is zero, branch 
forward to the instruction in location 12,,. 
Otherwise, decrement the accumulator. 
Store the result as the new 

hundreds BCD digit. 

Load direct 

the binary result. 

Add immediate 

100,,, to the binary result. 

Store away the new 

binary result. 

Branch 

back to the instruction in location 03,,. 
Load direct 

the tens BCD digit. 

If the tens BCD digit is zero, branch 
forward to the instruction in location 21,.. 
Otherwise, decrement the accumulator. 
Store the result as the new 

tens BCD digit. 

Load direct 

the binary result. 

Add immediate 

10,, to the binary result. 

Store away the new 

binary result. 

Branch 

back to the instruction in location 12,,. 
Load direct 

the binary result. 

Add direct 

the units BCD digit. 

Store away the new 

binary result. 

Halt. 

Hundreds BCD digit. 

Tens BCD digit. 

Unit BCD digit. 

Reserved for the binary result. 





Figure 4-28 
Program for converting BCD to binary. 
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Now let’s briefly go through the program. The first two instructions clear 
the location at which the binary number will be formed. 


Next, the program enters the first loop, which is shown as the first shaded 
area. In this loop, the hundreds digit is loaded and tested for zero. If not 
zero, it is decremented and stored away. Then the binary result is loaded 
and 100,) is added. The result is stored away and the loop is repeated. 
Because the hundreds digit was 02 initially, 100,, will be added to the 
binary result twice. Thus, upon leaving this loop, the binary result will 
have the value 200,). The MPU escapes this loop when the BEQ instruc- 
tion at address 05 detects that the hundreds digit has been reduced to 
zero. The branch is to the second loop which is shown as an unshaded 
area. 


In the second loop, the tens digit is loaded and tested for zero. If not zero, 
it is decremented and stored away. Then the binary number is loaded, 
10,, is added, and the result is stored away. This loop is repeated until the 
tens digit is reduced to zero. Because the tens digit was initially three, the 
loop is repeated three times so that thirty is added to the binary number. 
The BEQ instruction at address 14,, allows the MPU to escape the loop 
and branch to the final program segment. 


This fina] segment is the last shaded area. Here, the binary result is loaded 
and the units digit is added. This brings the binary result to 237 9. Then 
the result is stored and the program halts. While the number 237,) was 
used in this example, the program will convert any BCD number between 
000 and 255,, to its binary equivalent. 
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Converting Binary to BCD 


A microprocessor generally manipulates data in the form of straight 
binary numbers. However, before the results can be transmitted to the 
outside world, the data is often converted back to BCD. Frequently, this is 
an intermediate step in converting back to ASCII. 


The binary-to-BCD conversion is the reverse of the process that occurred 
in the previous program. The MPU must determine how many times 
100,» can be subtracted from the binary number. The answer becomes the 
hundreds BCD digit. After the 100,) has been subtracted as many times as 
possible, 10,) is subtracted repeatedly from the remaining number. The 
number of subtractions becomes the tens BCD digit. Finally, after 10,) has 
been subtracted as many times as possible, the remaining number be- 
comes the units BCD digit. 


For the number 1110 1101, (237,09), the process looks likes this: 














1110 1101 237 
—0110 0100 —100 

1000 1001 1a7  etwndiads digit = 
—0110 0100 —100 

0010 0101 37 

-—0000 1010 — 10 

0001 1011 27 tens digit = 
—0000 1010 — 10 

0001 0001 17 

—0000 1010 — 10 

0000 0111 7 units digit = 7 





One hundred can be subtracted twice. Thus, the hundreds digit is 2) or 
0010,. From the remainder, ten can be subtracted three times. Thus, the 
tens digit is 3,) or 0011,. Finally, the remainder of 7,) or 0111, becomes 
the units digit. The BCD representation is 0010 0011 0111. 
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Figure 4-29 shows the flow chart for this procedure. The first three 
blocks clear the hundreds, tens, and units digits of the BCD result. 
Then the binary number that is to be converted to BCD is loaded and 
10019 is subtracted. The outcome is tested to see if a negative number 
resulted. If not, the result is stored away. The hundreds digit is loaded, 
incremented, and stored away. The loop is repeated until 10019 can 
no longer be subtracted. In our example, 1009 can be subtracted twice. 
Therefore, the hundreds digit is incremented to 2. The third subtraction 
of 100i9 gives a negative result. This allows the MPU to escape the 
first loop. 


The second loop increments the tens digit to the proper value by subtract- 
ing 10,) repeatedly and keeping track of the number of subtractions. In 
our example, this loop is repeated three times. Consequently, the tens 
digit is incremented to 3. The binary number that is left over after 10, is 
subtracted the proper number of times becomes the units digit. That is, 
upon escaping the second loop, the remaining binary number is stored in 
the units digit. In our example, the remaining number, and therefore the 


units digit, is 7. 
Load Binary 
Number 
Subtract 
10,, 


Load Binary 
Number 


Store In 
Units Digit 







NO 
Store Binary 
Number 
Load Tens 
Digit 


Increment 
Tens 
Digit 


Store Tens 
Digit 


Figure 4-29 
Flow chart for converting a binary 
number to a BCD number. 









MICROPROCESSORS SS 


The program that carries out this procedure is shown in Figure 4.30. 
At this point, you should be able to interpret the program from the 
comments given. However, a couple of points should be explained 
briefly. Any unsigned binary number from 0000 0000 to 1111 1111 
can be placed at address 2A,5. The computer will convert this number 
into its BCD equivalent. The hundreds digit will appear at address 2B4¢, 
the tens digit at 2C,,5, and the units digit at 2D,5. The decision making 
instructions at addresses 0Big and 1A,, are Branch if Carry Set (BCS) 
instructions. Because these instructions follow immediately after SUB 
instructions, the carry flag will indicate whether or not a borrow oc- 
curred. In effect, the BCS instructions decide: “Was the result of the 
subtraction a negative number?” 


MNEMONIC/HEX 
CONTENTS COMMENTS 


HEX HEX 
ADDRESS CONTENTS 
00 4F 


Figure 4-30 


Clear the accumulator. 

Store 00 

in location 2B,,.. This clears the hundreds digit. 
Store 00 

in location 2C,,. This clears the tens digit. 
Store 00 

in location 2D,,. This clears the units digit. 
Load direct 

the binary number to be converted. 
Subtract immediate 

10010. 

lf a borrow occurred, branch 

forward to the instruction in location 16... 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct 

the hundreds digit of the BCD result. 
Increment the hundreds digit. 

Store the hundreds digit 

back where it came from. 

Branch 

back to the instruction at address 07:1. 
Load direct 

the binary number. 

Subtract immediate 

10,0. 

\f a borrow occurred, branch 

forward to the instruction in location 25... 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct 

the tens digit. 

Increment the tens digit. 

Store the tens digit 

back where it came from. 

Branch 

back to the instruction at address 16,.. 
Load direct 

the binary number. 

Store it in 

the units digit. 

Halt. 


Place binary number to be converted at this address. 


Hundreds digit | 
Tens digit | Reserved for 


Units digit | BCD result. 


Program for converting a binary 
number to a BCD number. 
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Self-Test Review 

25. What is an algorithm? 

26. What type of instruction is used to make a decision? 

27. Refer to the program in Figure 4-24. If the multiplier is 8,, and 
the multiplicand is 15;., how many times will the BEQ instruc- 
tion be executed? 

28. Refer to the program in Figure 4-26. What is the largest number 
that can be used as a dividend? 

29. How could this program be modified so it could handle unsigned 
dividends up to 25549? 

30. When this program halts, where will the remainder be located? 

31. Refer to the program in Figure 4-28. Assume that addresses 2816, 
2915, and 2Ai, contain 01, 09, and 08 respectively. How many 
times will 10019 be added to address 2B,,? 

32. How many times will 10,9 be added? 

33. Refer to the program in Figure 4-30. What is the purpose of the 
first four instructions? 

34. What is the largest binary number that this program can convert 


to BCD? 


In 
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Answers 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


An algorithm is a step-by-step procedure for doing a particular 
job. 


Conditional branch instruction. 
Nine times. 

+ 127,59 or 0111 11113. 

Change the BMI instruction to BCS. 
At address 1145. 

Once. 

Nine times. 


The first four instructions clear the locations where the BCD equi- 
valent will be stored. 


1111) 11112 oF 25545. 
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ADDITIONAL INSTRUCTIONS 


Before leaving this unit, you should also look at four additional instruc- 
tions. The names, opcodes and mnemonics of these instructions are 
shown in Figure 4-31. 


HEX OPCODE 
IMMEDIATE | DIRECT | INHERENT 


ADD WITH CARRY ADC 89 
SUBTRACT WITH CARRY SBC 82 
ARITHMETIC SHIFT ACCUMULATOR LEFT ASLA 48 
DECIMAL ADJUST ACCUMULATOR DAA 19 


Figure 4-31 


Four new instructions. 













Recall that the ALU always adds numbers as if they were unsigned binary 
numbers. When it adds 8-bit numbers, a carry often occurs from the MSB, 
setting the C flag. Thus, you can think of the carry flag as an extension of 
the accumulator. Let’s look at some instructions that use the carry flag. 


Add With Carry (ADC) Instruction 


This instruction is similar to the ADD instruction discussed earlier with 
one important difference. If the carry bit is set to 1 before this instruction 
is executed, 1 is added to the LSB of the sum. However, if the carry bit is 0 
prior to execution, then no carry is added. The effect is the same as having 
the carry bit from the previous operation added to the result of the present 
operation. 


Like the ADD instruction, the ADC instruction has two addressing 
modes: immediate and direct. As shown in Figure 4-31, the opcode 
for “ADD With Carry Immediate” is 8915, while the opcode for “Add 
With Carry Direct” is 9946. 
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A primary use of the ADC instruction is to simplify multiple-precision 
arithmetic. Multiple-precision means that two or more bytes are used to 
represent a number. Recall that a single byte can represent unsigned 
binary numbers with values up to 255,9. However, much larger numbers 
can be represented by using two or more bytes. Two bytes (16 bits) can 
represent unsigned binary values up to 2'*—1 or 65,535,9. Three bytes can 
represent values to 16,777 ,215,; etc. Thus, the MPU can handle numbers 
of virtually any size simply by stringing the proper number of bytes 
together. 


Suppose, for example, that two very large numbers are to be added. 
Figure 4-32 shows how the addition might look on paper. Notice that 
two 24-bit numbers are being added to form a 24-bit sum. The MPU 
is restricted to operating on data in 8-bit bytes. Thus, each quantity 
involved must be represented by three bytes. 


es 
Dit 4 111 | 1 = Carries 
0100 1010 4 1100 0000 1110 1010 «< Addend 
$0110 0110 4g 00011017 10010011, + Augend 
1011 0000 1101 1100 0111 1101 < Sum 
Byte 3 { Byte 2 { Byte 1 
Figure 4-32 


Multiple-precision addition. 


The MPU must be instructed to add the first byte of the addend to the first 
byte of the augend. This forms the first byte of the sum. Next the MPU 
must add the second bytes of the addend and augend. However, you will 
notice that there was a carry from the first byte to the second byte. If this 
carry is not added with the second bytes, the sum will be in error. The 
ADC instruction performs this operation automatically. 
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The program for adding the multiple-byte numbers could be written 
as shown in Figure 4-33. The three byte addend is stored in locations 
1315 through 153. while the augend is stored in locations 16, through 
181.5. Verify that the hexadecimal contents shown are the same as the 
binary values given in Figure 4-32. 


HEX HEX MNEMONIC/HEX COMMENTS 
ADDRESS CONTENTS CONTENTS 
00 96 


Load accumulator direct with 
least significant byte of addend. 
Add direct 
least significant byte of augend. 
Store result in 
least significant byte of sum. 
Load accumulator direct with 
next byte of addend. 
Add with carry direct 
next byte of augend. 
Store result in 
next byte of sum. 
Load accumulator direct with 
most significant byte of addend. 
Add with carry direct 
most significant byte of augend. 
Store result in 
most significant byte of sum. 
Halt. 
Least significant byte. 

Addend. 





























Most significant byte 
Least significant byte , 

Augent 
Most significant byte 


Least significant byte 
7 " i Reserved for 


for sum. 





Most significant byte. J 


Figure 4-33 
Program for multiple-precision 
addition. 


The first two instructions add the least significant bytes of the addend 
and augend. The ADD instruction is used because the MPU need not 
consider earlier carries. The first byte of the resulting sum is stored in 
location 19,,. 


The next two instructions add the next two bytes. This time the ADC 
instruction is used because the MPU must consider the carry from the 
previous addition. The second byte of the sum is placed in location 1A 4. 


Finally, the last two bytes are added using the ADC instruction. The final 
byte of the sum is stored in location 1B,.. The program halts when the 
addition is completed. 
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Subtract With Carry (SBC) Instruction 


This instruction simplifies multiple-precision subtraction. You will re- 
cal] that during subtract operations the carry flag indicates whether or not 
a borrow operation occurred. For this reason, this instruction can be 
thought of as a subtract with borrow operation. 


The SBC instruction subtracts the subtrahend from the minuend just 
as the SUB instruction did. However, the SBC instruction has an addi- 
tional step in that the carry bit is also subtracted. As with the other 
add and subtract instructions, both immediate and direct addressing 
modes are possible. The opcodes for both modes are shown in Figure 
4-31. 


Figure 4-34 illustrates how multiple-precision numbers can be sub- 
tracted. Notice that, during the course of this subtraction, byte 1 must 
“borrow” a 1 from byte 2. The SBC instruction allows the MPU to 
do this. 


wn. 
11 | 1 Borrows 
1001 0111 0010 0001 <— Minuend 


— 01110101 i 1000_0001_ «~ Subtrahend 
0010 0001 l 1010 0000 < Difference 


Byte 2 | Byte 1 


Figure 4-34 
Multiple-precision subtraction. 
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HEX HEX MNEMONIC/HEX 
ADDRESS CONTENTS CONTENTS COMMENTS 
00 96 


Load accumulator direct with 

least significant byte of minuend. 
Subtract direct 

least significant byte of subtrahend. 
Store result in 

least significant byte of difference. 
Load accumulator direct with 

most significant byte of minuend. 


Subtract with carry 
most significant byte of the subtrahend. 
Store result in 


most significant byte of the difference. 
Halt 

Least significant byte } 2 
Most ari me y Minuans. 
Least significant byte | 

Most significant byte j Subtrahend. 
Least significant byte | 


Most significant byte J oingrence: 





Figure 4-35 
Program for multiple-precision 
subtraction. 


Figure 4-35 shows a simple program for performing the subtraction. 
The double-precision minuend is at addresses 0Dig and OE4g, while 
the subtrahend is at addresses OF 1, and 10,5. The program computes 
the difference and stores it in location 11,5 and 124.. 


The first instruction loads the least significant byte of the minuend. Next, 
the corresponding byte of the subtrahend is subtracted. Since the sub- 
trahend byte is larger, a borrow is indicated. Consequently, the carry flag 
is set to 1. Notice that the SUB rather than the SBC instruction is used. 
This is done because the first byte should not be affected by any previous 
borrow or carry. The result of the subtraction is stored away to become the 
least significant byte of the difference. 


The most significant byte of the minuend is loaded next and the corre- 
sponding byte of the subtrahend is subtracted. However, this time the 
SBC instruction is used. And since the carry flag is set, an additional 1 is 
subtracted from the minuend to complete the borrow operation. The 
result of the subtraction becomes the most significant byte of the differ- 
ence. 
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Arithmetic Shift Accumulator 
Left (ASLA) Instruction 


The ASLA instruction shifts the contents of the accumulator to the 
left by one space. Figure 4-36 illustrates the repeated execution of this 
instruction. Figure 4-36A shows the condition of the accumulator and 
carry bit. In this example, the number in the accumulator is arbitrarily 
assumed to be 10,9. Also, the carry bit is arbitrarily assumed to be 


cleared. 


CARRY 
REGISTER ACCUMULATOR 
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Figure 4-36 


A 
BEFORE SHIFT 


B 
AFTER FERST SHIFT 


c 
AFTER SECOND SHIFT 


D 
AFTER THIRD SHIFT 


€ 
AFTER FOURTH SHIFT 


F 
AFTER FIFTH SHIFT 


G 
AFTER SIXTH SHIFT 


Repeatedly implementing the ASLA 


instruction. 
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Figure 4-36B shows the contents of the accumulator and carry bit after 
the ASLA instruction is executed. Notice that the number is shifted 
one bit to the left. Also, a 0 is shifted into the LSB. At the same time, 
the MSB is shifted into the carry bit. The old carry bit is shifted out 
and is lost. 


You can understand one purpose of this instruction by examining the 
numbers in the accumulator before and after the instruction is executed. 
Before the shift, the number is 10, ; afterwards the number is 20,). The 
number has been doubled. If you will try several different examples, you 
will see that any binary number can be multiplied by two simply by 
shifting the number one bit to the left. This holds true as long as the 
capacity of the accumulator is not exceeded. 


Figures 4-36C through G show what happens if the MPU continues 
to execute ASLA instructions. The number continues to double. The 
number in the accumulator becomes 4049, then 8049, then 16019. Each 
shift multiplies the number by two. On the fifth shift, the capacity 
of the accumulator is exceeded as the most significant 1 bit shifts into 
the carry bit. After the sixth shift, the leading 1 is lost altogether. When 
you use this technique to multiply by two or by a power of two, you 
must not exceed the capacity of the accumulator. 


Another use of the ASLA instruction is to pack two BCD digits in a 
single byte. Earlier when we worked with BCD numbers, we assumed 
that each BCD digit resided in a separate memory byte. However, be- 
cause a BCD digit has only 4 bits, memory space is wasted by assigning 
each digit a separate byte. Frequently, it is more desirable to “pack” 
two BCD digits into a single byte. A simple routine for doing this is 
shown in Figure 4-37. If dozens of BCD numbers are to be manipulated, 
a routine that uses a procedure similar to this can save substantial 
memory space. At the same time, it puts the BCD numbers into a more 
convenient and usable form. 


MNEMONICS/HEX 
CONTENTS CONTENTS COMMENTS 


Load into the accumulator direct 

the unpacked most significant BCD digit. 
\ 

| Shift it four places to 

{ the lett. 

J 


Add 

the unpacked least significant BCD digit. 
Store the result as 

two packed BCD digits. 

Halt 

Packed BCD digits, 

Most significant BCD digit (unpacked). 
Least significant BCD digit (unpacked). 





Figure 4-37 
Program for packing two 
BCD digits into a single byte. 
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The procedure carried out by the program is quite simple. The most 
significant BCD digit is loaded into the accumulator. It is then shifted 
four places to the left to make room for the least significant BCD digit. The 
least significant digit is then added to form a packed BCD number. The 
resulting single byte number is stored back in memory. 


Decimal Adjust Accumulator (DAA) Instruction 


Earlier in this unit, the problems of converting from BCD to binary and 
back again were considered. While this conversion is frequently neces- 
sary, many microprocessors have some limited BCD arithmetic 
capabilities. Our hypothetical MPU has an instruction that greatly 
simplifies BCD arithmetic. It is called the Decimal Adjust Accumulator 
(DAA) Instruction. When used in conjunction with the ADD or ADC 
instruction, it allows the MPU to add BCD numbers directly without an 
intermediate binary conversion. 


Recall that the ALU adds input data bytes as if they were unsigned binary 
numbers. Therefore, if two BCD digits are added, the sum may be incor- 
rect. For example, assume that the MPU adds the BCD digits 0111 and 
0101. The ALU produces the result 


1 
0111 
+ 0101 


1100 


This answer is the correct binary result, 12,9; but it is not the proper BCD 
result. Recall that in BCD, 12,) is represented as 0001 0010. Notice that 
you can obtain the proper BCD result by adding 0110, tothe binary result. 
The addition of 0110, is necessary anytime that the binary result exceeds 
1001,. 


To produce the proper BCD result when adding two BCD digits, the MPU 
must follow this procedure: 


1. Ifthe sum is 1001, or less, use the sum as the single digit BCD 
result. 


2. Ifthe sum is greater than 1001,, add 0110, and use the result as 
a 2-digit BCD number. 
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The situation becomes more complex when packed BCD numbers are 
added. Consider adding 0111 1001g¢p (7919) to 0111 OO11g¢p (7345). 
The ALU adds these packed BCD numbers as if they were unsigned 
binary numbers. The result is 


11 1 
0111 1001 
0111 0011 
1110 1100 


Notice that the result is not a BCD number, since both 4-bit groups exceed 
1001,. Even so, the sum can be converted to BCD by adding 0110, to each 
4-bit group. The result is 


1 #111 
1110 1100 
0110 0110 


1 06101 0010 


There is a carry from bit 7 that sets the carry bit. This carry bit becomes the 
most significant BCD digit. Thus, the final BCD result is 
0001 0101 0010g¢p oF 1524p. 


If you consider all possible combinations of BCD numbers, you will find 
that four different situations exist: 


1. When some BCD numbers are added, the binary result pro- 
duced by the ALU is equal to the proper BCD representation. 
This occurs when both BCD digits of the result are 1001, or less. 


2. The binary sum is adjusted by adding 06,, if the least signif- 
icant BCD digit exceeds 1001, but the most significant BCD 
digit does not. 


3. The binary sum is adjusted by adding 60,, if the most signifi- 
cant BCD digit exceeds 1001, but the least significant BCD digit 
does not. 


4. The binary sum is adjusted by adding 66,, if both BCD digits 
exceed 1001). 


While this procedure could be programmed, it would be much better if 
the MPU performed these operations automatically. Fortunately, our 
hypothetical microprocessor does this. The programmer simply informs 
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the MPU that the numbers being added are BCD numbers. The MPU 
automatically computes the proper BCD result. The way the programmer 
informs the MPU is via the DAA instruction. When the DAA instruction 
is placed immediately after an ADD or ADC instruction, the MPU au- 
tomatically converts the sum to the proper BCD number. 


Suppose, for example, that you wish to add two BCD numbers. Assume 
the numbers are 3792:19 and 5482.5. Naturally, the sum should be 
927419. A program for solving this problem is shown in Figure 4-38. 
The BCD addend (379249) is in addresses OF 1g and 10,5. The augend 
(548210) is in locations 1115 and 1235. The BCD sum will be placed 
in locations 134g and 144.5. 


HEX HEX MNEMONICS/HEX 
ADDRESS CONTENTS CONTENTS COMMENTS 


Load into the accumulator direct 

the jeast significant half of the addend. 

Add 

the least significant half of the augend. 

Decimal adjust the sum to BCD. 

Store the result as the 

least significant halt of the sum. 

Load , 

the most significant half of the addend. Figure 4-38 
fad ed Program for adding 
the most significant nalt of the augend. , hie 
Decimal adjust the sum to BCD. multiple-precision BCD numbers. 
Store the result as the 

most significant half of the sum. 

Halt 


} BCD Addend 


} BCD Augend. 


} Reserved for BCD sum. 





The first two instructions add the least significant halves of the addend 
and augend. The ADD instruction is followed immediately by the DAA 
instruction. Therefore, the sum is adjusted to a packed BCD number. The 
result is stored in location 14,, as the lower half of the BCD sum. 


Next, the upper halves of the addend and augend are added. This time, 
the ADC instruction is used because the carry from the previous addition 
must be added in. Again, the DAA instruction adjusts the sum to BCD. 
The result is stored as the upper half of the BCD sum. 


The DAA instruction must be used properly. It can be used only with 
addition. Also, it must be used immediately after the addition instruc- 
tion. It can not be used to convert just any binary number to BCD. It only 
converts the sum of BCD numbers to the BCD format. 
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Self-Test Review 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


How is the ADC instruction different from the ADD instruction? 
How is the SBC instruction different from the SUB instruction? 


A primary use of the ADC and SBC instructions is in 
-__________ arithmetic. 


The accumulator contains the number 7,9. If two ASLA instruc- 
tions are executed, what number will be in the accumulator? 


What is the difference between packed and unpacked BCD num- 
bers? 


When adding unpacked BCD numbers, under what condition 
must 0110, be added to the sum in order to form a BCD sum? 


What instruction is used to automatically adjust the sum to the 
proper BCD format when two BCD numbers are added? 


Can the DAA instruction be used after a SUB instruction to pro- 
duce the proper BCD difference when two BCD numbers are sub- 
tracted? 
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Answers 


35. When the ADC instruction is executed, an additional 1 is added 
to the sum if the carry flag is set. 


36. When the SBC instruction is executed, an additional 1 is sub- 
tracted from the difference if the carry flag is set. 


37. Multiple-precision. 


38. The first ASLA instruction multiplies the number by two, giving 
1419. The second ASLA doubles this number, giving 2841p. 


39. With packed BCD numbers, each byte contains two BCD digits. 
With unpacked BCD numbers, each byte contains one BCD digit. 


40. When two BCD digits are added, 01102 must be added to the 
sum if the sum exceeds 10012. 


41. The decimal adjust accumulator (DAA) instruction. 


42. No. The DAA instruction is used in conjunction with add instruc- 
tions only. 
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UNIT 4 SUMMARY 


1. The instructions in “straight line” programs are executed one after 
another in the order in which they are written. 


2. The process called looping allows a section of a program to be 
repeated as often as it is needed. 


3. Jump and branch instructions allow a programmer to create pro- 
gram loops. 


4. Branch instructions use relative addressing to control the opera- 
tion of the program loop. 


5. The relative address is a value that is added to the MPU program 
counter to determine the address of the next instruction to be 
executed in the program. 


6. The relative address is found in the second byte of a branch in- 
struction. 


7. Branching forward, the relative address is a positive value. 
Branching backward, the relative address is a negative value writ- 
ten in two’s complement form. 


8. The unconditional branch instruction forces the MPU to always 
branch when the instruction is executed. 


9. The conditional branch instruction will only force the MPU to 
branch when a specified condition is met. If the condition is not 
met, the branch instruction will be ignored. 


10. Conditional execution of a branch instruction is determined by 
the status of four condition code registers. These single bit regis- 
ters are called carry, negative, zero, and overflow. 


11. The carry condition code register acts as an extension of the ac- 
cumulator. If a carry or borrow is generated during an arithmetic 
operation, the carry register bit is set. If no carry or borrow oc- 
curred, the bit is cleared. 
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12. 


13, 


14. 


5; 


16. 


17. 


18. 


19. 


20. 


21. 
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The negative condition code register monitors the MSB of the 
accumulator. If that bit is one, the negative register is set. If the MSB 
of the accumulator is zero, the negative register bit is cleared. Not all 
accumulator operations affect the negative condition code register. 


The zero condition code register monitors all bits of the ac- 
cumulator. If they are all zero after an operation, the zero register bit 
is set. If any of the accumulator bits are one, the zero register bit is 
cleared. Most accumulator operations affect the status of the zero 
register. 


The overflow condition code register monitors the status of the sign 
bits of the two numbers being added, subtracted, or compared, and 
the sign bit of the result. During addition, if the sign bits of the two 
numbers are different, there is no overflow, the register is cleared. If 
the sign bits of the two numbers, and the result are the same, there is, 
again, no overflow. If the sign bits of the two numbers are the same, 
but the sign bit of the result is different, there is an overflow, and the 
overflow register is set. 


Wniting complex and lengthy programs requires some form of 
organization for problem solving. Generally there are three steps to 
writing a program: define the problem, map or flowchart the solu- 
tion, write the program. 


A flowchart is a form of project blueprint. 


Standard flowchart symbols should be used to allow any program- 
mer to interpret the program solution. 


The flowchart symbol terminal indicates the beginning and end of a 
flowchart. 


The flowchart symbol operations box is used to represent a transfer 
process, an algebraic process, or any process that doesn’t have a 
specific symbol. 


The flowchart symbol decision box is used to indicate a logical 
choice between two conditions. 


Flowchart flow lines and connectors are used to tie the symbols and 
sections in a flowchart together. 
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22. The five most common mathematical symbols used in a flowchart 
are: equal to, greater than, less than, greater than or equal to, and less 
than or equal to. 


23. The unconditional branch in a flowchart corresponds to the uncondi- 
tional branch in a program. 


24. The conditional branch in a flowchart corresponds to the conditional 
branch in a program. 


25. An algorithm is a step-by-step procedure for doing a particular job 
that cannot be handled directly by the microcomputer, such as 
multiplication. 


26. Multiplication in a 6800-based microcomputer is best handled by a 
algorithm that uses a program loop to repeatedly add a number to 
itself the number of times specified by the multiplier. 


27. Division in a 6800-based microcomputer is best handled by an 
algorithm that uses a program loop to repeatedly subtract the divisor 
from the dividend, and keep track of the count and any remainder. 


28. Most data received by or transmitted from a microcomputer is in 
ASCII coded form. 


29. The least significant four bits of an ASCII coded character represent 
the BCD value of the corresponding numeral. 


30. To convert ASCII coded numerals to BCD code, subtract the binary 
value 00110000 from the ASCII code. 


31. Multiple-digit BCD code is converted to binary by adding the 
positional weight of each code digit to itself, in binary, the number 
of times specified by the digit. Then all of the binary sums are added 
together. 


32. Binary data is converted to BCD code by repeatedly subtracting the 
binary equivalent of the hundreds digit, the tens digit, and the ones 
digit from the binary value, beginning with the hundreds digit. The 
number of times each digit can be subtracted represents the BCD 
value for that decimal positional weight. 
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33. 


34. 


35 


36. 
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To convert BCD code to ASCII code, add the binary value 
00110000 to the BCD code. 


Multiple-precision numbers use two or more bytes to represent the 
number. 


The add with carry and subtract with carry (borrow) instructions are 
used to simplify multiple-precision arithmetic. 


The ASLA instruction shifts the MSB of the accumulator into the 
carry condition code register and a zero into the LSB. 


The DAA instruction is used to adjust the result after a BCD arith- 
metic operation. A carry into the next digit position is recorded in 
the carry condition code register. 
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Perform Experiments 5 and 6 at the end of Book 2. 
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Unit 5 


THE 6800 MICROPROCESSOR — PART 1 


O-2 | unit Five MICROPROCESSORS 


INTRODUCTION 


Until now, we have confined our study to a simple hypothetical micro- 
processor. Obviously, though, this hypothetical model must be very 
close to the real thing, since we have been running its programs on 
the ET-3400 or ET-3400A Microprocessor Trainer. In this unit you will 
begin your study of the actual microprocessor upon which our 
hypothetical model is based. The microprocessor in the ET-3400 
Trainer is called the 6800. It was first released by Motorola in the mid 
1970’s. Today, it is being second sourced by several other companies. 


The microprocessor in the ET-3400A Trainer is called the 6808. The 
primary difference between the 6808 and 6800 microprocessors is the 
means by which clock signals are generated. The 6808 has an on-chip 
clock circuit, the 6800 does not. Because of this one difference, there will 
also be some chip pin assignments that are not identical. These differ- 
ences will be discussed in more detail in Unit Seven of this course. How- 
ever, in all other characteristics, such as the instruction set and internal 
registers, the 6800 and 6808 are identical. It is these identical characteris- 
tics which are the subject of this and the following unit. Therefore, 
throughout this unit reference is made to the 6800 microprocessor only. 
But, the data presented also applies to the 6808 in the ET-3400A Trainer. 


There are other microprocessors that have similar instruction sets, ar- 
chitecture, and addressing modes. Thus, by becoming familiar with the 
6800 (6808) you should be able to understand and use a wide range of 
microprocessors. 


You already know a great deal about the 6800 and/or 6808 microproces- 
sor. You have been programming this device for the past several units. 
The main difference between the 6800 (6808) microprocessor and our 
hypothetical model is complexity. As you will see, the 6800 (6808) is a 
vastly expanded version of our hypothetical model. 
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UNIT OBJECTIVES 


When you have completed this unit you will be able to: 
1. Draw a programming model of the 6800 MPU. 


2; Explain the purpose of each block in a simplified block diagram of 
the 6800 MPU. 


3: Using Appendix A and Figure 5-24 as references, explain the 
operation of all the instructions discussed in this unit. 


4. Write simple programs that use indexed and extended addressing. 
5. Using Figure 5-24 as a guide, find the opcode, number of MPU 


cycles, number of bytes, and effects on the condition code flags of 
every instruction discussed in this unit. 
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ARCHITECTURE OF THE 6800 MPU 


In computer jargon, the word architecture is used to describe the compu- 
ter’s style of construction, its register size and arrangement, its bus 
configuration, etc. The architecture of our hypothetical microprocessor is 


shown for one last time in Figure 5-1. By now you should be quite familiar 
and comfortable with this architecture. 
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The only reason for showing the details of the model is to give you an idea 
of what goes on inside the integrated circuit. In an actual microprocessor 
the internal structure is often so complex that we become bogged down in 
details if we attempt to analyze it too closely. For this reason, a program- 
ming model is generally used when a microprocessor is being introduced 
for the first time. In the programming model, the emphasis is shifted 
upward by an order of magnitude. Any register or circuit that cannot be 
directly controlled by the programmer is simply ignored. Consider the 
data register for example. There are no instructions that give the pro- 
grammer direct control over this register. That is, there are no instruc- 
tions such as Load Data Register, Store Data Register, etc. All data register 
activity is controlled strictly by the MPU. Thus, the programmer can 
simply ignore the existence of this register. The same is true of the 
address register, the instruction decoder, the controller-sequencer, etc. 
Therefore, the programming model of our hypothetical MPU can be 
represented as shown in Figure 5-2. This simple diagram is sufficient for 
most programming applications since it shows all the registers that can 
be directly controlled by the program. 


= Oo 
7 O 


CONDITION CODE 
REGISTERS 


Figure 5-2 


Programming model of the 
hypothetical MPU. 
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Programming Model of the 6800 MPU 


The 6800 MPU is much more complex than our hypothetical MPU. 
Consequently, a programming model of the 6800 makes a good starting 
point. The programming model is shown in Figure 5-3. 


7 Qo 
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| ACCB | ACCUMULATOR B 
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Figure 5-3 
Programming model of the SS STACK POINTER 
6800 MPU. 
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ZERO 


NEGATIVE 
INTERRUPT MASK 


HALF CARRY 
(FROM BIT 3) 


You will notice immediately that the 6800 MPU has several additional 
registers. However, only two of these, the index register and the stack 
pointer, are actually new to you. Let’s look at the major differences 
between this MPU and our hypothetical model. 


Two Accumulators The 6800 MPU has two accumulators instead of 
one. They are called accumulator A (ACCA) and accumulator B (ACCB). 
Each has its own group of instructions associated with it. The names and 
mnemonics of the instructions specify which accumulator is to be used. 
Thus, there are instructions such as: 


Load Accumulator A (LDAA) 
Load Accumulator B (LDAB) 
Store Accumulator A (STAA) 
Store Accumulator B (STAB) 


Notice that a letter is added to both the name and the mnemonic to 
indicate which accumulator is being used. 
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From your previous programming experience, you can visualize the 
value of a second accumulator. For example consider a program in which 
the MPU counts the number of times that some operation occurs. In the 
past, we stored the number that the accumulator was presently working 
on, loaded the count into the accumulator; incremented the count; stored 
the count; and reloaded the original number. With a second accumuator, 
none of this is necessary. We can simply maintain the count in ac- 
cumulator B while working with the number in accumulator A. In fact, 
we can perform any arithmetic or logic operation on two different num- 
bers without having to shift the numbers back and forth between mem- 
ory. 


16-Bit Program Counter The program counter in the 6800 has 16, bits 
rather than 8. Thus, it can specify 65,536, ) different addresses. This 
means that a 6800 based microcomputer can have up to 65,536, bytes of 
memory. Most applications require substantially less memory than this 
maximum number. Fortunately, we can use as little or as much memory 
as we need up to the 2'* byte limit. 


Since the program counter has 16, bits, the address bus must also be 
16-bits wide. Contrast this with the 8-bit address bus of our hypothetical 
machine. 


You may wonder how we specify a 16-bit address with an 8-bit byte. The 
obvious answer is that two 8-bit bytes are required. Recall that in the 
direct addressing mode, the address was specified by a single 8-bit byte. 
The 6800 microprocessor retains this addressing mode. However, since 
an 8-bit address can specify only 256,, addresses, the 6800 MPU can use 
this mode only if the operand is in the first 256,) bytes of memory. To 
reach higher addresses, a new addressing mode called extended address- 
ing must be used. In the extended addressing mode, two bytes are used to 
represent each address. This addressing mode will be discussed in more 
detail later. For now, keep in mind that there are 65,536,) possible 
addresses. The lowest address is 0000,, and the highest is FFFF,,. Using 
extended addressing, we have access to any location in memory, but a 
2-byte address is required. 
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Condition Code Registers The 6800 MPU has six condition codes. Four 
of these are almost identical to those discussed in an earlier unit. These 
include the negative (N), zero (Z), overflow (V) and carry (C) condition 
codes. The difference arises because there are two accumulators in the 
6800 MPU. Thus, the carry flag is set whenever there is a carry from either 
accumulator. By the same token, an overflow in either accumulator will 
set the V flag. Later in this unit, you will see how the condition codes are 
affected by each instruction. 


Two new condition codes are shown in Figure 5-3. The I flag is called an 
interrupt mask. We will discuss this flag later when you study interrupts. 
The other is called the half carry flag (H). The H flag is set when thereisa 
carry from bit 3 of the accumulator. The MPU uses this flag to determine 
how to implement the decimal adjust instruction. 


These six flags make up bits 0 through 5 of an 8-bit register. Bits 6 and 7 of 
the condition code register are not used and are always set to 1. Addi- 
tional details of the condition codes will be brought out as the need arises. 


Index Register The index register is a special-purpose, 16-bit register 
that greatly increases the power of the microprocessor. It allows a power- 
ful address mode called indexed addressing. We will examine this 
addressing mode later in this unit. For now, consider the index register to 
be just another working register. The fact that it holds two bytes instead of 
one can be put to good use. The MPU has instructions that allow the index 
register to be loaded from two adjacent memory bytes. Another instruc- 
tion allows us to store the contents of the index register in two adjacent 
memory locations. This allows us to move data in 2-byte groups. Also, the 
index register can be incremented and decremented. This lets us main- 
tain 16-bit tallies. 


Stack Pointer The stack pointer is another special-purpose 16-bit regis- 
ter. It allows the MPU and the programmer to use a section of RAM asa 
last in, first out (LIFO) memory. This capability is extremely valuable 
when using subroutines or when processing interrupts. These aspects of 
the stack pointer will be discussed in the next unit. For the time being 
let’s consider the stack pointer to be another 16-bit working register. It too 
can be loaded from memory, stored in memory, incremented, and dec- 
remented. 
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Block Diagram of the 6800 MPU 


Now that you have seen the programming model of the 6800 MPU, take a 
look at the block diagram. A simplified block diagram is shown in Figure 
5-4. Several data paths, most control lines, and a temporary storage 
register have been omitted in favor of the major data paths and registers. 
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The 16-bit registers are shown on the left. These registers are primarily 
concerned with addressing memory. Since the address bus has 16-bits, 
all registers associated with addressing must also have 16-bits. Any of the 
16-bit registers can be loaded from the data bus. However, because the 
data bus has only 8-bits, two operations are required to load the 16-bit 
registers. The upper half of the affected register is always loaded first. 
Then, a second operation loads the lower half. Although this requires 
separate MPU cycles, the microprocessor takes care of these operations 


automatically. For example, a single instruction can load the 16-bit index 
register with two memory bytes. 


The program counter and address register perform exactly the same 
functions in the 6800 MPU as they did in our hypothetical model. The 
fetch and execute phases for the immediate and direct addressing modes 
are virtually identical. The same is true of the relative addressing mode 
except that the 8-bit relative address is added to the 16-bit program count. 


The 8-bit registers are shown on the right. Notice that these circuits are 
identical to those in our hypothetical model except that there are two 
accumulators. The condition code registers monitor both accumulators. 
Also, the two accumulators share the ALU. This allows you to keep track 
of two separate mathematical operations at more or less the same time. 
This arrangement is particularly flexible since the contents of one ac- 
cumulator can be transferred to the other or the contents of the two 
accumulators can be added together. 
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Self-Test Review 


1... The microprocessor on which our hypothetical model and the 
ET-3400 are based is the _________ MPU. 


2. A major difference between our hypothetical model and the 6800 
MPU is that the latter has two 


3 The program counter in the 6800 MPU has ______ bits. 
4. How wide is the address bus in a 6800-based microcomputer? 
5: What is the range of addresses in the 6800 MPU? 

6. List the six condition code flags. 


7: Besides the program counter, what other 16-bit registers are used in 
the 6800 MPU? 


8. In the 6800 MPU, does each accumulator have its own carry flag? 


0-12 freee igpittecnre 


Answers 

YT; 6800. 

Z. Accumulators. 
3. 16 jo. 


4, 1B bits. 
5. From 0000 to 65,535, or 0000 to FFFF jg. 


6. Carry — borrow (C) 
Overflow (V) 
Zero (Z) 
Negative (N) 
Interrupt Mask (I) 
Half Carry (H) 


7 Index register and stack pointer. 


8. No, the two accumulators share a common carry flag. 
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INSTRUCTION SET OF THE 6800 MPU 


The 6800 MPU has about 100,, basic instructions. Moreover, when all the 
different addressing modes are considered, there are 197, different op- 
codes to which the MPU will respond. 


These instructions can be broken down into seven general categories. 
While some of the categories overlap, the general classifications of in- 
structions are: arithmetic, data handling, logic, data test, index register 
and stack pointer, jump and branch, and condition code. In this unit we 
will discuss most of these instructions in detail. The handful of instruc- 
tions that are not discussed in this unit will be described in the following 


unit. 


In this section we will not be concerned with addressing modes. There- 
fore, no opcodes are given. Later, we will look at the various addressing 
modes and opcodes. For now, though, let’s identify the instructions by 
their names, mnemonics, and operations. You will see what each instruc- 
tion does and how it affects the various condition code registers. 


Because of the large number of instructions covered in this section, the 
explanations will be general and brief. You are not expected to remember 
all the details of every instruction. Appendix A of this course contains a 
detailed listing of each instruction. It explains every detail of the various 
instructions. After reading this section, turn to Appendix A and look over 
the explanations given there. In the future, when you are in doubt as to 
exactly what a particular instruction does, look it up in Appendix A. 
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Arithmetic Instructions 


Figure 5-5 shows the arithmetic instructions of the 6800 MPU. The name 
of each instruction is given on the left. The next column contains the 
mnemonics. The center column gives a shorthand description of what the 
instruction does. The right-hand columns show how the various condi- 
tion code registers are affected. 


COND. CODE REG. 
BOOLEAN/ARITHMETIC OPERATION 


(Ail register labels 
OPERATIONS MNEMONIC refer to contents) 
Add A+M->A 

B+M>8 
Add Acmitrs A+B>A 
Add with Carry A+M+C>A 

B+M+C-B 
Complement, 2's 00 -M->M 





ACCUMULATOR AND MEMORY 


(Negate ) 00 -A >A 
00 -8->B 


e@e@ewmUC.eWmlU OU Oh OUhUhOUhUhS 


os Ee i 
-— lOO UO CO OO USD 


Converts Binary Add. of BCD Characters 
into BCD Format* 


Subtract A-M-A 
B-M->B8 

Subract Acmltrs. A-B>A 

Subtr. with Carry A-M-C-A 
B-M-C->B 


Decimal Adjust, A 


e@oee8 @ @ 
oe He + & 


cores © OOOe eee o/0] 


- ee 


“Used after ABA, ADC, and ADD in BCD arithmetic operation; each 8-bit byte regarded as containing two 4-bit 
BCD numbers. DAA adds 0110 to lower half-byte if least significant number >1001 or if preceding instruction 
caused a Half-carry. Adds 0110 to upper half-byte if most significant number >1001 or if preceding instruction 
caused a Carry. Also adds 0110 to upper half-byte if least significant number >t001 and most significant num- 
ber = 9. 


(Bit set if test is true and cleared otherwise) 
@ (Bit V) Test: Result = 100000007 
@ (Bit C) Test: Result ¥ 000000007 


@ (Bit C) Test: Decimal value of most significant BCD Character greater than nine? 
(Not cleared if previously set.) 


Figure 5-5 
Arithmetic instructions. 
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To be certain you have the idea, let’s go through the first instruction in 
detail. The first instruction is the add instruction. Actually, since the 
6800 has two accumulators, there are two add instructions. Their 
mnemonics are ADDA and ADDB. Notice that the final letter of the 
mnemonic indicates which accumulator (A or B) is involved. The short- 
hand representation of the operation is: A+M—A. The note at the top of 
this column tells you that the register labels refer to the contents of the 
register. Thus, A means the contents of accumulator A and M means the 
contents of the affected memory location. The symbol (—) means ‘‘Trans- 
fer into.’”’ Therefore, A+M-—A means ‘“‘Add the contents of accumulator 
A to the contents of the affected memory location and transfer the sum 
into accumulator A.” 


To see how the condition code flags are affected, you simply look over to 
the right under whatever condition code you are interested in. Generally, 
the condition code is either unaffected or is tested and set accordingly. 
When the condition code is unaffected, this is represented by the symbol 
(°). For example, none of the arithmetic instructions affect the I flag. Most 
of the arithmetic instructions test the condition codes and set them if the 
condition exists. For example, if the result of an arithmetic operation is 
zero, the Z flag is set to 1. If this condition does not exist, the Z flag is reset 
or cleared to 0. The symbol ( { ) means “test and set if true; clear other- 
wise.” Occasionally, a note is necessary to describe some unusual situa- 
tion regarding the condition code. This is represented by a number 
within a circle. The notes are given at the bottom of the drawing. 


The ADDA and ADDB instructions are self-explanatory. The ABA in- 
struction adds the contents of accumulator A to the contents of ac- 
cumulator B. The result is stored in accumulator A. 


The add with carry instructions are identical to those discussed earlier for 
our hypothetical machine. Notice that the carry bit is added in with the 
sum. 


Because two’s complement arithmetic is used in the 6800 MPU, instruc- 
tions are provided that allow us to take the two’s complement of a 
number. The negate instruction subtracts the contents of the affected 
register from 00,.. This is the same as taking the two's complement of the 
number. The affected register can be any memory location (M) or either 
accumulator (A or B). Thus, there are three different negate instructions. 
Keep in mind that NEG means ‘‘take the two’s complement of the affected 
memory location;’ NEGA means ‘take the two’s complement of ac- 
cumulator A;” etc. 
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Notice that the NEG instruction allows us to operate on a byte in memory 
without first fetching the operand from memory. In the past, we have 
loaded the operand, performed the operation, and then stored the new 
operand. However, the 6800 allows us to perform certain operations on 
the operand without first fetching it from memory. Several examples of 
this will be pointed out as we progress through the instruction set. 


The decimal adjust instruction performs exactly as it did in our hypothet- 
ical machine. The note immediately under the table summarizes its 
operation. It must also be pointed out that this instruction works only 
with accumulator A. 


The subtract and the subtract with carry instructions are self-explanatory. 
They perform as described earlier for our hypothetical MPU. The 6800 
MPU has an additional subtract instruction. The SBA instruction sub- 
tracts the contents of accumulator B from the contents of accumulator A. 
The resulting difference is placed in accumulator A. 


Data Handling Instructions 


Figure 5-6 shows the largest group of instructions used by the 6800 MPU. 
These can be loosely categorized as data handling instructions. 


The clear instructions allow us to clear a memory location or either 
accumulator. In the past, we have cleared bytes of memory by first 
clearing the accumulator and then storing the resulting 00,, in the proper 
memory location. However, the CLR instruction allows us to clear a 
memory location with a single instruction. Notice that some new entries 
appear in the condition code registers column. R means that the condi- 
tion code is always reset or cleared to 0. S means that the code is always 
set to 1. 


The decrement instruction allows us to subtract 1 from a memory loca- 
tion or from either accumulator. The DEC instruction is especially valu- 
able since it allows us to decrement a byte in memory with a single 
instruction. Previously we have loaded the byte, decremented it, and 
then stored it back in memory. 


The increment instructions are similar except they allow us to add 1 toa 
memory location or one of the accumulators. Notice that the INC instruc- 
tion allows us to maintain a tally in memory without having to load it, 
increment it, and then store it away. 
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The load accumulator instructions are self-explanatory. Notice that 
either accumulator can be loaded from memory. 


COND. CODE REG. 
BOOLEAN/ARITHMETIC OPERATION 


(All register labels 
OPERATIONS MNEMONIC refer to contents) 





ACCUMULATOR AND MEMORY 


Decrement 


Increment 


Load Acmitr 


Rotate Left 


QQ = @©O©OO® 772 
@®@eeeevsewr ve &H BO HCO CO H He HwHxs 6 eee le eee x a 2/0] 


wo. 
@) 


Rotate Right 


Shift Left, Arithmetic 


Shift Right, Arithmetic 


Shift Right, Logic 


Store Acmitr 


Transfer Acmitrs 


Fe PP He OP OO OO OO CO CO OH ODO OPT CBO CO BO HH LH FTP oH oO HP Xn 


= == =©©0©60900090058 


@) (Bit V)_ Test: Operand = 10000000 prior to execution? 
© (Bit V) Test: Operand = 01111111 prior to execution? 
© (Bit V) Test: Set equal to result of N @C after shift has occurred. 


Figure 5-6 


Data handling instructions. 
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c ACCA 
=TTO[t]i]t]ojol: 
Mie = a oO 
A. BEFORE ROLA {S EXECUTED. 


c ACCA 
[1] po MT OPOTA TS) 
7 D 
B. AFTER ROLA IS EXECUTED. c 


Figure 5-7 
Executing the ROLA insttuction. 


Cc ACCA 
Oljolol1lolilofi- 


A. BEFORE RORA 1S EXECUTED. 


c ACCA 
(4) [elofofots Jot fo) 


B. AFTER RORA (IS EXECUTED. 


Figure 5-8 
Executing the RORA instruction. 


c 
Executing the ASL instruction. 4] 
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The rotate left instructions allow us to shift the contents of the ac- 
cumulator or a memory location without losing bits of data. Consider the 
ROLA instruction as an example. When this instruction is executed, the 
A accumulator and the carry bit form a 9-bit circulating register. That is, 
they form a closed loop as shown in Figure 5-7A. When ROLA is exe- 
cuted, the data is rotated clockwise. The MSB of A shifts into the carry 
register. Simultaneously, the contents of A are shifted left. Notice that the 
carry bit is not lost. Instead it is shifted into the LSB of the accumulator. 


While the usefulness of this instruction may not be obvious, it is a 
valuable tool. For example, it could be used to determine parity. By 
repeatedly rotating left and testing the C flag, you could determine the 
number of 1’s in the byte. Once you know this, you could easily generate 
the proper parity bit. 


The ROL instruction allows you torotatea memory byte to the left while it 
is still in memory. ROLB allows you to rotate the B accumulator to the left. 
In each case, the C register is used as a ninth bit. 


The rotate right instructions are identical except that the direction of 
rotation is reversed. Figure 5-8 illustrates the execution of the RORA 
instruction. This instruction is also valuable. Suppose for example that 
we wish to know if the number in the accumulator is even or odd. This is 
determined by the LSB of the number. If LSB = 1, the number is odd; if 
LSB = 0, the number is even. One way to determine this is to rotate the 
number to the right so that the LSB is in the C register. We could then test 
the C register to see if it is set or cleared. Notice that the number could 
then be restored to its original value by the ROLA instruction. 


The arithmetic shift left instruction was discussed earlier in our 
hypothetical MPU. The ASLA instruction performs exactly as described 
in the previous unit. However, notice that the 6800 MPU also has an 
ASLB instruction that performs the same operation with accumulator B. 
Also, it has an ASL instruction that allows us to perform this operation on 
a byte that is in memory. Figure 5-9 illustrates the execution of this 
instruction. 


c SELECTED MEMORY BYTE 
fok—[i Jol [1] 1 [ofo[1}—o 
MO ie Mg 


A. BEFORE ASL IS EXECUTED. 


Figure 5-9 SELECTED MEMORY BYTE 


B. AFTER ASL IS EXECUTED. 


The 6800 Microprocessor — Part 1 5-1 gy 
vucnopnocessons_ T0500 rrr — a 


While there is only one type of shift left instruction, there are two types of 
shift right instructions. Let’s discuss the arithmetic shift right instruc- 
tions first. 


When an arithmetic shift right instruction is executed, the number in the 
affected register is shifted right one position. The LSB goes into the C 
register. B, shifts to Bo, etc. B, shifts into Bs. However, B, itself remains 
unchanged. Figure 5-10 illustrates the execution of the ASRB instruction. 
Notice that there are also ASRA and ASR instructions listed in Figure 5-6. 
These perform the same type of shift operation but on accumulator A and 
the selected memory byte respectively. 


The logic shift right instructions are different in that they do not retain 
the sign bit. When a logic shift right is executed, the contents of the 
affected register are shifted to the right. The LSB goes into the carry 
register. The MSB is filled with a 0. For example, the LSR instruction is 
illustrated in Figure 5-11. While this instruction shifts the selected mem- 
ory locations, LSRA and LSRB can be used to perform similar operations 
on accumulators A and B respectively. 


SELECTED MEMORY BYTE c 


o-fpoUTEET} [9] 


by dg 
A. BEFORE LSR 1S EXECUTED. 





SELECTED MEMORY BYTE c 


PiehETTh 


d, 


B. AFTER LSR IS EXECUTED. 


Figure 5-11 
Executing the LSR instruction. 


Referring back to Figure 5-6, the store accumulator instructions are self- 
explanatory. 


The final data handling instructions are the transfer accumulator instruc- 
tions. TAB copies the contents of accumulator A into accumulator B. 
After this instruction is executed, the number originally in accumulator 
A will be in both accumulators. TBA does just the opposite. It copies the 
contents of accumulator B into accumulator A. After TBA is executed, the 
number originally in accumulator B will be in both accumulators. 


bz 


e ACCB c 
170] 1]1]1]0]0] | j=>[0] 
—_—_—_—_—_—_—_—_—_—_—_—— 
do 
A. BEFORE ASRB 1S EXECUTED. 


ACCB 


Cc 
/ALLLLLEEE) 0) 
————$——— ns 
SIGN BIT 8-BIT NUMBER 
1S UNCHANGED SHIFTED TO RIGHT 


B. AFTER ASRB IS EXECUTED. 


Figure 5-10 
Executing the ASRB instruction. 
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Logic Instructions 


The logic instructions in the 6800 MPU are similar to those in our 
hypothetical MPU. Figure 5-12 shows the 6800’s logic instructions. 


COND. CODE REG. 
BOOLEAN/ARITHMETIC OPERATION 


(All register labels 
OPERATIONS MNEMONIC refer to contents) 
And 





ACCUMULATOR AND MEMORY 


> 
x 


Complement, 1's 


Exclusive OR 


Or, Inclusive 


t 
t 
t 
t 
t 
t 
q 
t 


nmwmwdnwrnrwsaa DD 


Figure 5-12 


Logic instructions. 


There is one AND instruction for each accumulator. The contents of the 
specified accumulator are ANDed bit-for-bit with the contents of the 
selected memory location. The result is placed back in the accumulator. 
This is identical to the AND instruction in our hypothetical machine. 


The complement instructions allow you to take the 1’s complement of the 
number in the affected register. COM allows you to complement a byte in 
memory. 


COMA and COMB allow you to complement the contents of ac- 
cumulators A and B respectively. In each case, all 1’s are changed to 0’s 
and all 0’s are changed to 1’s. 


The exclusive OR instructions work like the one in our hypothetical 
MPU. The contents of the specified accumulator are exclusively ORed 
bit-for-bit with the contents of the selected memory location. The result is 
stored back in the specified accumulator. 


The inclusive OR is similar except that the contents of the specified 
accumulator are inclusively ORed with the contents of the selected mem- 
ory location. 
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Data Test Instructions 


These are a powerful group of instructions that allow us to compare 
operands in several different ways. In previous units, you had experience 
comparing operands. The most frequently used method was to subtract 
one operand from another and test the result for zero or negative. In many 
cases, the numeric result of the subtraction was unimportant. We needed 
to know only if the result was zero or minus. The data test instructions 
allow us to make several different tests without actually producing an 
unwanted numeric result. These instructions are shown in Figure 5-13. 


COND. CODE REG. 
BOOLEAN/ARITHMETIC OPERATION 


ACCUMULATOR AND MEMORY (All register labels 


OPERATIONS MNEMONIC refer to contents) 
Bit Test 





Compare 


I 
oneZzz22 


Compare Acmitrs 
Test, Zero or Minus 


I 
a 


A 
B 
A 
B 
A= 
M 
A 
B 


Figure 5-13 
Data test instructions. 


The bit test instructions are very similar to the AND instructions. In both 
cases, the contents of the specified accumulator are ANDed with the 
contents of the selected memory location. The difference is that with the 
bit test instruction no logical product is produced. Neither the contents of 
the accumulator nor memory are altered in any way. However, the condi- 
tion code registers are affected just as if the AND operation had taken 
place. Consider the BITA instruction. When executed, A is ANDed with 
M. If the result is 00,5, the Z register is set. Otherwise, the Z register is 
cleared. If the MSB of the result is 1, the N flag is set. However, the 
contents of the accumulator and memory are unaffected. 


In the same way, the compare instructions are similar to subtract instruc- 
tions except that the resulting numeric difference is ignored. For exam- 
ple, when the CMPA instruction is executed, the contents of the selected 
memory location are subtracted from the contents of accumulator A. The 
condition codes are affected just as if a difference had been produced. 
However, the original contents of accumulator A and memory are unaf- 
fected. 
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The compare accumulators instruction (CBA) works the same way. The 
condition codes are set as if the contents of B were subtracted from the 
contents A. However, the contents of the accumulators are unaffected. 


Finally, the test for zero.or minus instruction allows you to test the 
number in one of the accumulators or the memory to see if it is negative or 
zero. When this instruction is executed, the MPU looks at the number in 
question and sets the N and Z flags accordingly. The number itself is not 
changed. 


Index Register and Stack Pointer Instructions 


The index register and stack pointer are 16-bit registers. Figure 5-14 
shows eleven instructions that allow us to control the operation of these 
registers. Because of the 16-bit format, the load, store, and compare 
instructions are slightly different from those discussed earlier. 


INDEX REGISTER ANDO STACK 


Compare Index Reg (Xy/X_) — (M/M + 1) 
Decrement Index Reg X-17>X 
Decrement Stack Pntr SP —- 1—SP 
Increment Index Reg X+17>X 


Increment Stack Pntr SP + 1—>SP 

Load Index Reg M>Xuy, (M+ 1) >X, 
Load Stack Pntr MSP, (M+ 1) >SPy 
Store Index Reg Xy 7M, X_ > (M + 1) 
Store Stack Pntr SP,,>M, SP, >(M +1) 
Indx Reg -* Stack Pntr X-—1—>SP 

Stack Pntr > Indx Reg SP+1>X 


®©e*@®OOOreeeeQO 





@ (Bit N)_ Test: Sign bit of most significant (MS) byte of result = 1? 
® (Bit V) Test: 2's complement overflow from subtraction of LS bytes? 
@ (Bit N) Test: Result less than zero? (Bit 15 = 1) 


Figure 5-14 
Index register and stack pointer 
instructions. 
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The compare index register (CPX) instruction allows us to compare the 
16-bit number in the index register with any two consecutive bytes in 
memory. Recall that the index register (X) will hold two bytes. The higher 
byte is identified as X, while the lower byte is called X,. When the CPX 
instruction is executed, X, is compared with the 8-bit byte in the 
specified memory location (M). Also, X, is compared with the byte 
immediately following the specified memory location (M+1). The com- 
parison is the same as if M and M+1 were subtracted from X, and X, 
except that no numeric difference is produced. Neither X nor M is 
changed in any way. However, the N, Z, and V condition codes are 
affected as shown in Figure 5-14. Generally, the Z code is the one we are 
interested in since it tells us whether or not an exact match exists between 
the index register and the two bytes in memory. 


The next four instructions are self-explanatory. They allow us to incre- 
ment and decrement either the index register or the stack pointer. For one 
thing, these instructions allow us to maintain two separate 16-bit tallies 
simultaneously. However, the real value of these instructions and their 
associated registers will be discussed later. 


The load and store instructions for the 16-bit registers are shown next in 
Figure 5-14. Since these are two byte registers, the LDX and LDS instruc- 
tions must load two bytes from memory. In the case of the index register, 
the specified memory byte (M) is loaded into the upper half of the index 
register (X,,). An instant later, the next byte in memory (M+ 1) is automa- 
tically loaded into the lower half of the index register (X,). Thus, the 
operation can be described as: M>Xy, (M+1) > X,. 


Because the stack pointer is also a 16-bit register, the load stack pointer 
instruction (LDS) works the same way. Its operation can be described as: 
M — SP, (M+1) — SP,. Here, SP, refers to the upper half of the stack 
pointer while SP, refers to the lower half. 


When the contents of the 16-bit registers are being stored, the operation is 
reversed. For example, the STX instruction stores Xj in Mand X; inM+1. 
A similar instruction, STS, allows us to store the contents of the stack 
pointer in the same way. 


The final two instructions in this group allow us to transfer numbers 
between these two 16-bit registers. The TXS instruction loads the stack 
pointer with the contents of the index register minus one. The TSX 
instruction loads the index register with the contents of the stack pointer 
plus one. A more detailed discussion of these two important registers and 
their associated instructions will be given in the next unit. 
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Branch Instructions 


The branch instructions are shown in Figure 5-15. Two additional in- 
structions are also thrown in since they affect the program counter. 


BRANCH 


OPERATIONS MNEMONIC BRANCH TEST 


Branch Always None 

Branch lf Carry Clear C=0 

Branch If Carry Set C=1 

Branch tf = Zero Z=1 

Branch If > Zero N@V=0 
Branch If > Zero Z+(N@®V)=0 
Branch If Higher C+2Z =0 
Branch If < Zero Z +(N@V)=1 
Branch If Lower Or Same C+Z=1 
Branch If < Zero N@V=1 
Branch tf Minus N=] 

Branch If Not Equal Zero Z=0 

Branch If Overflow Clear V=0 

Branch !f Overflow Set Vel 

Branch If Plus N=0 


No Operation Advances Prog. Cntr. Only 
Wait for Interrupt 





@ ~~ (Bit 1) Set when interrupt occurs. If previously set, a Non-Maskable Interrupt is 
required to exit the wait state. 


Figure 5-15 


Jump and branch instructions. 
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Nine of these instructions were discussed in the previous unit. These are: 
Branch Always (BRA): Branch If Carry Clear (BCC): Branch If Carry Set 
(BCS); Branch If Equal Zero (BEQ): Branch If Not Equal Zero (BNE): 
Branch If Minus (BMI); Branch If Plus (BPL); Branch If Overflow Clear 
(BVC); and Branch If Overflow Set (BVS). 


Before we discuss the new branch instructions, here are some of the 
symbols we wil! be using. The symbol (=) means “is greater than or is 
equal to’: (>) means “‘is greater than’’: (<) means “‘is less than or is equal 
to”; (<) means “‘is less than’’; and (#) means “‘is not equal to.” 


Now consider the Branch If Greater Than or Equal instruction (BGE). This 
instruction is normally used after a subtract or compare instruction. It 
will cause a branch operation if the two’s complement value in the 
accumulator is greater than or equal to the two’s complement operand in 
memory. This condition is indicated by the N and V flags having the same 
value. The MPU determines if this condition is met by exclusively ORing 
N and V and examining the result. 


Three simple examples may help illustrate the operation of this instruc- 
tion. Let’s start with a number in the accumlator that is greater than the 
operand in memory: 


Number in Accumulator 
Operand in Memory 


00000010, 
00000001, 


I 


When the operand is subtracted, the result is 00000001,. With this result, 
both N and V are cleared to 0. Notice that N and V are equal and N (4) V = 
0. If the BGE instruction followed the subtract operation, the branch 
would be implemented. 


Now see what happens when the number in the accumulator is equal to 
the operand: 


Number in Accumulator 
Operand in Memory 


00000010, 
00000010, 


When the operand is subtracted, the result is OO000000,. Again N and V 
are cleared to 0. Thus, N and V are still equal and N @ V = 0. Again, the 
BGE instruction would cause a branch to occur. 
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Finally, note what happens when the number in the accumulator is 
smaller: 


Number in Accumulator 
Operand in Memory 


00000001, 
00000010, 


When the operand is subtracted, the result is 11111111. This time N is set 
but V is cleared. Thus, N and V are not equal. Therefore, N G@) V = 1. In 
this case, the BGE conditions are not met and no branch will occur. The 
branch occurs if the two’s complement value in the accumulator is 
greater than or equal to the two’s complement operand in memory. 


Next, consider the Branch If Greater Than (BGT) instruction. This in- 
struction is normally used immediately after a subtract or compare opera- 
tion. The branch will occur only if the two’s complement minuend was 
greater than the two’s complement subtrahend. By trying several exam- 
ples as we did above, you will find that the branch conditions are met 
when Z = 0 and N = V. 


The Branch If Higher (BHI) instruction is similar to the BGT instruction 
except that it is concerned with unsigned numbers. BHI is normally used 
after a subtract or compare operation. The branch will occur only if the 
unsigned minuend was greater than the unsigned subtrahend. By trying 
several different examples, you can prove that this occurs only when the 
C and Z flags are both 0. 


The Branch If Less Than or Equal (BLE) instruction allows you to com- 
pare two’s complement numbers in another way. If it is executed im- 
mediately after a subtract or compare operation, the branch will occur 
only if the two’s complement minuend was less than or equal to the two’s 
complement subtrahend. 
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The Branch If Lower Or Same (BLS) instruction is similar to the BLE 
instruction except that unsigned numbers are compared. When it is 
executed immediately after a subtract or compare operation, the branch 
will occur only if the unsigned minuend was lower than or equal to the 
unsigned subtrahend. 


The Branch If Less Than Zero (BLT) instruction is also similar to the BLE 
instruction except that the equal qualification is removed. If BLT is 
executed immediately after a subtract or compare operation, the branch 
occurs only if the two’s complement minuend was less than the two’s 
complement subtrahend. 


Two additional instructions are included in Figure 5-15. Although they 
are not branch instructions, they are included here since they do not seem 
to fit any of the other categories. 


The No Operation (NOP) instruction is a ‘‘\do-nothing” instruction that 
simply consumes a smal! increment of time. It does not change the 
contents of any register except the program counter. It does increment the 
program counter by one and consumes two MPU cycles. In spite of this, 
the NOP is a very useful instruction. When writing a program, we fre- 
quently use too many instructions. Once the program is loaded in mem- 
ory, it is often inconvenient to simply remove an instruction. The hole left 
in memory can be filled by moving back all instructions that follow. 
However, a faster way is to simply fill the hole with one or more NOP 
instructions. 


The Wait For Interrupt (WAI) instruction is the 6800's version of a HLT 
instruction. In earlier units we used this instruction at the end of all our 
programs. We will continue to use it in the same manner in the future. 
However, as you will see in the next unit, there is more involved in 
executing the WAI instruction than simply stopping the MPU. For now, 
though, continue to think of the WAI as a simple halt instruction. 
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Condition Code Register Instructions 


The 6800 MPU has eight instructions that allow us direct access to the 
condition codes. These are listed in Figure 5-16. 








CONDITION CODE REGISTER 
OPERATIONS 


BOOLEAN 


MNEMONIC OPERATION 





Clear Carry 










Clear Interrupt Mask CLI 
Clear Overflow CLV 
Set Carry SEC 
Set Interrupt Mask SEI 









Set Overflow SEV 
Acmitr A>CCR 
CCR >Acmitr A 










sete 9 
Sep pls 






R = Reset 
S = Set 
e = Not affected 
® (ALL) Set according to the contents of Accumulator A. 


Figure 5-16 


Condition code register instructions. 


Most of these instructions are self-explanatory. The Clear Carry (CLC) 
instruction resets the C flag to 0 while the Set Carry (SEC) sets it to 1. In 
the same way, the CLV and SEV instructions allow us to clear and set the 
overflow flag. Also, the CLI and SEI instructions can be used to clear or set 






eats the interrupt flag. 
cc You will notice that there are no instructions for individually clearing the 
LL eeweoteaw N, Z, or H flags. However, we can still set or clear these flags with the 


OVERFLOW Transfer Accumulator A to the Processor Status Register (TAP) instruc- 
{TWO'S COMPLEMENT) 


shan tion. Figure 5-17 illustrates the execution of this instruction. The con- 
NEGATIVE tents of bits 0 through 5 of accumulator A are transferred to the condition 
INTERRUPT MASK code registers. Thus, this instruction allows us to set or clear all the 
He nee: condition codes at once. 

Figure 5-17 


Executing the TAP instruction. 
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The final instruction is the Transfer Processor Status to Accumulator A 
(TPA) instruction. When this instruction is executed, the contents of the 
condition code registers are transferred to bits 0 through 5 of accumulator 
A. This operation is illustrated in Figure 5-18. Notice that bits 6 and 7 of 
the accumulator are set to 1. 


LET EFIT TY wee 


1 IHL IINIZ|ViC] cc 


CARRY -BORROW 


OVERFLOW 
(TWO'S COMPLEMENT) 


ZERO 

NEGATIVE 

INTERRUPT MASK 
- HALF CARRY 


Figure 5-18 
Executing the TPA instruction. 


Summary of Instruction Set 


As you can see, the 6800 MPU has a wide variety of instructions. In this 
section, most of the instructions have been mentioned briefly. However, a 
full explanation of some instructions must wait until additional new 
concepts have been covered. 


In one short section, it is very difficult to cover every instruction in detail. 
And, it is virtually impossible for the reader to remember all the details of 
each instruction. Remember, all of the instructions available to the 6800 
MPU are explained in detail in Appendix A of this program. Also, they 
are arranged alphabetically by their mnemonics for easy reference. Refer 
to Appendix A any time you are in doubt about what an instruction does. 
Be sure to look over the introductory material in the Appendix so that you 
understand all the conventions and symbols. 
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Self-Test Review 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


List the seven general categories of instructions. 
What is meant by the shorthand notation: A+B — A? 


How is the C flag affected by the “add” and “add with carry” 
instructions? 


Is the C flag changed when the AND instruction is executed? 


Explain the difference between the NEG instruction and the COM 
instruction. 


Explain the difference between the ANDA instruction and the 
BITA instruction. 


The decimal adjust instruction is associated with which ac- 
cumulator? 


When the RORA instruction is executed the LSB of accumulator A 
is shifted into the __ register. 





List eleven operations that can be performed directly to an operand 
in memory without first loading it into one of the MPU registers. 
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18. Explain the difference between the SUBB instruction and the 
CMPB instruction. 


19. List the four types of logic operations that the 6800 MPU can 
perform. 


20. When the LDX instruction is executed, from where is the index 
register loaded? 


21. List four conditional branch instructions that are commonly used 
after a compare or subtract instruction to compare two’s comple- 
ment numbers. 


22. Explain the difference between the BGT and BHI instructions. 


23. Which instruction is often used to fill in a hole left in a program 
after an unwanted byte is removed? 


24. Which instruction in the 6800 roughly corresponds to the halt 
instruction in our hypothetical machine? 


25. Which of the condition codes can be individually set or cleared? 
26. When you have some doubt as to exactly what operation is 


performed by a given instruction, where can you look to find the 
answer? 
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Answers 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


Arithmetic, data handling, logic, data test, index register and stack 
pointer, jump and branch, condition code. 


Add the contents of accumulator A to the contents of accumulator 
B; transfer the result to accumulator A. 


The C flag is set if a carry occurs; it is cleared otherwise. 
No, the C flag is unaffected by the AND instruction. 


The COM instruction replaces the operand with its 1’s comple- 
ment. The NEG instruction replaces the operand with its 2’s com- 
plement. 


With the ANDA instruction, the result of the AND operation is 
placed in accumulator A. With the BITA instruction, the condition 
code registers are set according to the result but the result is not 
retained. 


The decimal adjust instruction works only with the A accumulator. 
Carry (C). 

A byte in memory can be: cleared, incremented, decremented, 
complemented, negated, rotated left, rotated right, shifted left 


arithmetically, shifted right arithmetically, shifted right logically, 
and tested. 
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18. With the SUBB instruction, a difference is produced and placed in 
accumulator B. With CMPB, the flags are set as if a difference were 
produced, but the difference is not retained. 


19. Complement, AND, inclusive OR, and exclusive OR. 

20. The upper half of the index register is loaded from the specified 
memory location; the lower half from the byte following the 
specified memory location. 


21. BGE, BGT, BLE, BLT. 


22. BGT is used to test the result of subtracting two’s complement 
numbers. BHI is used to test the result of subtracting unsigned 


numbers. 
23. NOP. 
24. WAI. 


25. C,I, and V. 


26. Appendix A of this course. 
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NEW ADDRESSING MODES 


In previous units, we have discussed four addressing modes. Let’s briefly 
review these. 


In the immediate addressing mode, the operand is the memory byte 
immediately following the opcode. These are generally two byte instruc- 
tions. The first byte is the opcode, the second is the operand. However, 
there are exceptions to the two-byte rule. Some operations involve the 
16-bit index register and stack pointer. In these cases, the operand is the 
two bytes immediately following the opcode. These are three byte in- 
structions. The first byte is the opcode, the second and third are the 
operand. 


In the direct addressing mode, the byte following the opcode is the 
address of the operand. These are always two byte instructions. The first 
byte is the opcode; the second is the address of the operand. An eight-bit 
byte can specify addresses from 00 to FF ,,. Thus, when the direct address- 
ing mode is being used, the operand must be in the first 256,) bytes of 
memory. Since the 6800 MPU can have up to 65,536,, bytes of memory, 
another means must be used to address the upper portion of memory. 


The relative addressing mode is used for branching. These are two byte 
instructions. The first byte is the opcode, the second is the relative 
address. Recall that the relative address is added to the program count to 
form the absolute address. Since the 8-bit relative address is a two’s 
complement number, the branch limits are +127,) and —128 9. 


In the inherent addressing mode either there is no operand or the operand 
is implied by the instruction. These are one byte instructions. 


In this section, we will discuss two new addressing modes. These are 
called extended addressing and indexed addressing. We will discuss 
extended addressing first. 
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Extended Addressing 


Extended addressing is similar to direct addressing but with one signifi- 
cant difference. Recall] that with direct addressing the operand must be in 
the first 256,, bytes of memory. Since this represents less than one 
percent of the addresses available to the 6800 MPU, a more powerful 
addressing mode is needed. The extended addressing mode fills this 
need. 


The format of an instruction that uses extended addressing is shown in 
Figure 5-19. The instruction will always have three bytes. The first byte is 
the opcode. The second and third bytes form a 16-bit address. Notice that 
the most significant part of the address is the byte immediately following 
the opcode. Since this instruction has a 16-bit address, the operand can be 
at any one of the 65,536,) possible addresses. 


Lie | | opcooe 


Higher onoer ByT | | 1 1111241 


ADDRESS 


cower onver Byte] | | | | | J Td 


Figure 5-19 
Format of an instruction that uses the 
extended addressing mode. 


Suppose, for example, that you wish to load the operand at memory 
location 2134 ,, into accumulator B. The instruction would look like this: 


F6 Opcode for LDAB extended 
21 Higher order address 
34 Lower order address 


By the same token, if you wish to increment the number in memory 
location AAOO,,, the instruction would be: 


7C Opcode for INC extended 
AA Higher order address 
00 Lower order address 
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The extended addressing mode allows us to address an operand at any 
address including the first 256,) bytes of memory. Thus, if you wish to 
load the operand at address 0013,, into accumulator A, you can use 
extended addressing: 


B6 Opcode for LDAA extended 
00 Higher order address 
13 Lower order address 


Or, you can use direct addressing: 


96 Opcode for LDAA direct 
13 Address 


Notice that, with direct addressing, the higher order address can be 
ignored since it is always 00. Because it saves one memory byte and one 
MPU cycle, direct addressing is normally used when the operand is in the 
first 256,) bytes of memory. Extended addressing is used when the 
operand is above address OOFF,,. However, as you will see later, some 
instructions do not have a direct addressing mode. In these cases, ex- 
tended addressing must be used even if the operand is in the first 2569 
memory locations. 
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Indexed Addressing 


The most powerful mode available to the 6800 MPU is indexed address- 
ing. Recall that the 6800 MPU has a 16-bit index register. There are 
several instructions associated with this register. They allow us to load 
the register from memory and to store its contents in memory. Also, we 
can increment and decrement the index register. We can even compare its 
contents with two consecutive bytes in memory. These capabilities alone 
make the index register a very handy 16-bit counter. However, the real 
power of the index register comes from the fact that we can use this 
counter as an address pointer. Since this is a 16-bit register, it can point to 
any address in memory. 


Purpose Before going into the details of how indexed addressing 
works, let’s see why it is needed. Let's assume that we wish to add a list of 
20,; numbers, and that the numbers are in 20,, consecutive memory 
locations starting at address 0050. Using the addressing modes discussed 
earlier, our program might look like this: 


CLRA Clear Accumulator A. 
ADDA Add the first number 


50 To accumulator A. 
ADDA _ Add the second 

51 number to accumulator A. 
ADDA _ Add the third number 

52 to accumulator A. 


ADDA Add the last number 
6F to accumulator A. 
WAI Wait. 


While this accomplishes the desired result, it requires a long repetitive 
program. The above program would require 66,, bytes of memory. Notice 
that all the ADDA instructions are identical except that each successive 
address is one larger than the previous address. Indexed addressing can 
greatly simplify programs of this type. 
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Instruction Format The format of an instruction that uses indexed 
addressing is shown in Figure 5-20. Notice that this is a two-byte instruc- 
tion. The first byte is the opcode, and the second is called an offset 
address. The offset address is an unsigned 8-bit binary number. It is 
added to the contents of the index register to determine the address at 
which the operand is located. 


Figure 5-20 
Format of an instruction that uses 


the indexed addressing mode. 


Every instruction that involves an operand in memory can use the index- 
ed addressing mode. In this unit, we will use the following convention to 
indicate indexed addressing: 


LDAA, X 

STAA, X 

ADDB, X 
etc. 


In each case, the X tells us that indexed addressing is used. For example, 
the first instruction means: ‘‘using indexed addressing, load the contents 
of the specified memory location into accumulator A.”’ Now let’s see how 
the address of the operand is determined. 
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Determining the Operand Address When indexed addressing is being 
used, the address of the operand is determined by the offset address and 
the number in the index register. Specifically, the 8-bit offset address is 
added to the 16-bit address in the index register. The 16-bit sum becomes 


the address of the operand. Figure 5-21 illustrates this. 


MEMORY 







OP CODE 
FOR LDAA,X 


INDEX 
REGISTER 


fo1l33] 


Figure 5-21 
The operand address is formed by 
adding the offset address to the 


contents of the index register. 


Here, the instruction in memory location 0004,, is LDAA, X. The offset 
address is 11,5. The contents of the index register are 0133,,. When the 
LDAA, X instruction is executed, the address of the operand is formed by 
adding the offset address to the number in the index register. In this case, 
the operand address will be: 


01334, 
+ 11, 
0144,, 


The operand at this address is loaded into accumulator A. In this exam- 
ple, the operand FF is loaded into accumulator A when the instruction at 
location 0004 is executed. It is important to remember that this does not 
change the contents of the index register in any way. That is, the index 
register will still contain 0133,, after the instruction is executed. 
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Adding a List of Numbers To see how this addressing mode saves 
instructions, consider the problem given earlier. Recall that we were to 
add 20,, numbers stored in consecutive memory locations starting at 
address 0050. Using indexed addressing for the add instruction, our 
program looks like the one shown in Figure 5-22. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS COMMENTS 


Load index register immediate with the 
address of the 

first number in list. 

Clear accumulator A 

Add to accumulator A using indexed addressing 
with an offset address of 00. 

Increment index register. 

Compare the contents of the index register 
wilh an address that is one greater than the 
address of the last number in the list. 

If not equal. branch back 

to the ADDA. X instruction. 

Otherwise. halt. 





Figure 5-22 
Program for adding a list of 
20,,, numbers. 


The first instruction is load index register immediate. Notice that a new 
symbol is used in this program. The symbol # is used to indicate the 
immediate addressing mode. Thus, the LDX# instruction causes the 
operand immediately following the opcode to be loaded into the index 
register. Recall that the index register can hold two 8-bit bytes. The 
operand is the two-byte number 0050,,. You may recognize that this is the 
address of the first number in the list of numbers that is to be added. 


The next instruction clears accumulator A. The sum will! be accumulated 
in this register, so it is important that it be cleared initially. 


The third instruction (ADDA, X) is the only instruction in the program 
that uses indexed addressing. Notice that the symbol X indicates the 
indexed addressing mode. The offset address is 00. Recall that the 
operand address is determined by adding the offset to the contents of the 
index register. The index register contains 0050,, from a previous in- 
struction. Since the offset is 00, the operand address is 0050. That is, the 
contents of memory location 0050 are added to the contents of ac- 
cumulator A. Recall that 0050,, is the address of the first number in the 
list. 
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The fourth instruction increments the index register to 0051,,. Notice that 
the index register now points to the address of the second number in the 
list. 


The fifth instruction compares the number in the index register with a 
number that is one greater than the address of the last number in the list. 


If a match occurs, the Z flag will be set. Of course in this case, no match 
occurs yet. Notice once again that the symbol # indicates the immediate 
addressing mode. Thus, the contents of the index register are compared 
with the next two bytes in the program or 0070. 


The BNE instruction tests the Z flag to see if the two numbers matched. If 
no match is indicated, the relative address (F8) directs the program back 
tothe ADDA, X instruction. The first pass through the loop ends with the 
first number in accumulator A. 


The second pass through the loop begins with the ADDA, X instruction 
being executed again. This time the index register points to address 0051. 
Therefore, the second number in the list is added to accumulator A. 
Accumulator A now contains the sum of the first two numbers. The index 
register is then incremented to 0052. Its contents are again compared 
with 0070. No match exists so the BNE instruction causes the loop to be 
repeated again. 


The loop is repeated over and over again. Each time, the next number in 
the list is added to accumulator A. This process continues until the last 
number in the list is added. At that time, the index register will be 
incremented to 0070. Thus, when the CPX# instruction is executed, the Z 
flag will be set because the two numbers match. The BNE instruction 
recognizes that a match has occurred. Consequently, it does not allow the 
branch to occur and the next instruction in sequence is executed. Because 
this is the WAI instruction, the program halts. At this time, the sum of the 
20,, numbers in the list will be in accumulator A. 
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Adding a list of numbers is a classic example of how indexing can be used 
to shorten a program, However, this example does not illustrate the full 
power of indexed addressing. For example, it does not illustrate the 
advantage of the offset address. Because indexed addressing is so impor- 
tant, let’s look at another example. 


Copying aList Let's assume we havea list of 10,, numbers that we wish 
to copy from one location to another. For simplicity, assume that the list 
is presently in addresses 0030 through 003F and that we wish to copy the 
list in location 0040 through 004F. Without using indexed addressing, 
our program might look like this: 


LDAA 
30 
STAA 
40 
LDAA 
31 
STAA 
41 


LDAA 
3F 
STAA 
4F 
WAI 


As you have seen; long, repetitive programs such as this are excellent 
candidates for indexed addressing.. 
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Using indexed addressing, our program might look like that shown in 
Figure 5-23. The first step is to load the index register with the first 
address in the original list. The LDAA, X instruction has an offset address 
of 00. Therefore, accumulator A is loaded from the address specified by 
the index register (0030). That is, the first number in the original list is 
loaded into accumulator A when the LDAA, X instruction is executed. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS COMMENTS 


Load index register immediate with 
the first address of the original 
list. 

Load accumulator A indexed with 
an offset of 00. 

Store accumulator A indexed with 
an offset of 10,,. 

Increment index register. 

Compare index with one greater 
than last 

address in original list. 

If not equal, branch back to the 
LDAA, X instruction. 

Otherwise, halt. 





Figure 5-23 
Program for copying a list from 
addresses 0030 — 003F into 
addresses 0040 — 004F. 


The STAA, X instruction illustrates the use of the offset address. Notice 
that the offset is 10. This number is added to the address in the index 
register to form the effective address at which the contents of ac- 
cumulator A are stored. Thus, the contents of accumulator A are stored at 
address 0040. Remember, this does not change the number in the index 
register in any way. By using the offset, we can load the accumulator 
indexed from one address and store the accumulator indexed at another. 


Next, the index register is incremented to 0031. It is then compared with 
0040. Since no match exists, the BNE instruction directs the program 
back to the LDAA, X instruction. The loop is repeated until the entire list 
is rewritten in locations 0040 through 004F. After the last entry in the list 
is copied, the index register is incremented to 0040. Thus, the CPX# 
instruction sets the Z flag allowing the BNE instruction to divert the 
program from the loop. The program halts after the last entry in the list is 
written in its new position in memory. 
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Instruction Set Summary 


You have now been introduced to most of the instructions available to the 
6800 MPU. You have also been introduced to all of the addressing modes. 
Now let’s look at the complete instruction set. 


Figure 5-24 summarizes the 6800’s instructions and addressing modes, 
This 2-page Figure contains a wealth of information. For your conveni- 
ence, this information is repeated on the Instruction Set Summary card 
provided with the course. You should keep this card handy. After a 
while, you will be able to write long, complex programs using only the 
card for reference. 


The left-hand column of Figure 5-24 lists the names and mnemonics for 
each of the instructions. In many cases, a single name such as ‘‘add”’ is 
associated with more than one mnemonic. For example, ADDA is an add 
operation that involves accumulator A while ADDB is an add operation 
that involves accumulator B. 


The center column gives important information about the addressing 
modes. Notice that the ADDA instruction can have any one of four 
addressing modes: immediate, direct, indexed, or extended. Three facts 
are given for each addressing mode. The hexadecimal opcode is given in 
the OP column. For example, the opcode for ADDA immediate is 8B 
while the opcode for ADDA direct is 9B. 


The column labeled (~) tells the number of MPU cycles required to 
execute the instruction. This information is important because it allows 
us to determine exactly how long it will take to run a given program. As 
you will see later, an MPU cycle is equal to one cycle of the MPU clock. 
For example, if the clock frequency is 1 MHz, one MPU cycle will be one 
microsecond. With this clock rate, 2 microseconds are required to exe- 
cute the ADDA immediate instruction while 5 microseconds are required 
for the ADDA indexed instruction. 


The column labeled (#) indicates the number of bytes required by the 
instruction. ADDA immediate, ADDA direct, and ADDA indexed are 
two-byte instructions while ADDA extended is a three-byte instruction. 


The next column tothe right gives the shorthand notation for the Boolean 
or arithmetic operations performed. Finally, the right-hand column indi- 
cates how the condition code registers are affected by each instruction. 


If you study the instruction set carefully, you will find that there are a few 
instructions that we have not yet discussed. These will be described in 
the next unit. 








ACCUMULATOR AND MEMORY 
OPERATIONS 
Add 


Add Acmlirs 
Add with Carry 


And 
Bit Test 


Clear 


Campare 
Compare Acmitrs 


Complement, 1’s 


Complement, 2's 
(Negate ) 


Decimal Adjust, A 
Oecrement 


Exclusive OF 


Increment 


Load Acmitr 


Or, Inctusive 
Push Data 
Pull Data 


Rotate Left 


Rotate Right 


Shift Left, Arithmetic 


Shite Aight, Arithmetic 


Shift Right, Lagic. 


Store Acmlts. 
Subtract 


Subract Acmitrs. 
Subtr, with Carey 


Transfer Acmitrs 


Tent, Zero or Minus 


Figure 5-24 


The 6800 instruction set. 
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SOOLEAN/ARITHMETIC OPERATION 
{All reqéster Labels 
teter ta contents) 
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POINTER OPERATIONS =MNEMONIC ef rh a eo ee |e BOOLEAN/ARITHMETIC OPERATION 


Compare index Rag cPx (Xpy/Xe) = (M/M + 1) 

og 
34 
0a 
31 

OE FE 
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oF FF 

oF 8F 
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30 
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CONDITION CODE REGISTER NOTES 


(Bit set if test is true and cleared otherwise) 














Clear Carry cLe © (Bit V) Test. Result = 100000007 
Clear Interrupt Mask Ctl @ (BC) Test: Resutt = 000000007 
Clear Overflow CLV @ {Bi C) Test: Decimal value of most significant BCD Character greater than nine? 
Set Carry SEC (Not cleared if previously set.) 
Set Interrupt Mask SEI @ {Bit V) Test: Operand = 10000000 prior to execution? 
Set Overflow @ {Bit V) Test: Operand = 01111141 prior to execution? 
AcmltrA -CCR © {Bit V) Test: Set equal to result of N @C after shify has occured 
CCA *Acmitr A e | s | e | e | e | e@ | @ (Bit N) Test: Sign bit of most significant (MS) byte of result = 17 
(Bit V) Test: 2's complement overflaw from subtraction of LS bytes? 
@® (BN) Test: Result less than zero? (Bit 15 = 1) 
LEGEND: 00 Byte = Zera; € (All) — Load Canditian Code Register from Stack. {See Special Operations) 
OP = Gperatian Cade (Hexadecimal): H Half-carry from bit 3, oO (Bit 1) Set when interrupt occurs. If previously set, a Non Maskable Interrupt is 
= Number af MPU Cycles; ' Interrupt mask required'to exst,the wait’state 
= Number of Program Bytes: N Negative (sign bit) €} (ALL) Set according to the contents af Accumulator A 
+ Authmetic Plus; z Zero (byte! 
- Acuhmetic Minus; v Overliaw, 2's complement 
. Boolean AND; Cc Carry from bit 7 
Mcp Contents of memary location R Reset Always 
pointed to be Stack Pointer: s Set Always Figure 5-24 
+ Baalean Inclusive OA: 1 Test and set if true. cleared otherwise 
+ Boolean Exclusive OF; e Nat Affected (continued) 
M Complement of M:; CCR Condition Code Register 
> — Transter Into; LS Least Significant 
0 Bit = Zero; MS Most Significant 
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Self-Test Review 


27. Adisadvantage of direct addressing is that the operand must be in 
the first __. _—~—~—~———sd bytes of memory. 


28. The advantage of direct addressing is that only 
bytes are required for each instruction. 


29. Extended addressing can address____.______ bytes of memory. 


30. A disadvantage of extended addressing is that each instruction 
requires _________ bytes. 


31. Can extended addressing be used to address an operand in the first 
256,, bytes of memory? 


32. The most powerful addressing mode available to the 6800 is called 
addressing. 


33. Indexed addressing requires________ bytes for each instruc- 
tion. 


34. The second byte of an indexed addressing instruction is called the 
address. 


35. How is the address of the operand determined when indexed ad- 
dressing is used? 


36. Carefully examine the program shown in Figure 5-25. Determine 


what the program does and fill in the comments column. What 
number is loaded into the index register by the first instruction? 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS COMMENTS 
CE 





Figure 5-25 
Program for Self-Test Review 


! 
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37. 


38. 


39. 


40. 


41. 


42. 


43. 


What location is cleared by the CLR, X instruction? 


What is the number in the index register after the INX instruction is 
executed for the first time? 


The loop will be repeated until the number in the index register is 


What does this program do? 


Refer to Figure 5-24. What is the hexadecimal opcode for the LDAB 
extended instruction? 


How many MPU cycles are required by the INC, X instruction? 


How many bytes in the LDS # instruction? 
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Answers 
27. 256. 
28. Two. 

29. 65,5360. 
30. Three. 


31. Yes. Although direct addressing is normally used when the 
operand is in the first 256,) bytes of memory, extended addressing 
can be used also. 


32. Indexed. 
33. Two. 
34. Offset. 


35. The offset address is added to the contents of the index register. 


36. 0050 j¢. 
37. 0050 4¢. 
38. 005146. 
39. 0060,,. 


40. The program clears memory locations 0050,, through O05F \,. 
41. F6.. 
42. Seven. 


43. Three. 
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UNIT 5 SUMMARY 


1. In computer jargon, the word architecture is used to describe a 
microprocessor’s style of construction. 


2. From a programmer’s point of view, the only parts of a micropro- 
cessor that are important are the registers that are accessible — 
the registers that can be directly modified by program code. 


3. The programming model of the 6800 MPU contains the A and 
B Accumulators, the Index register, the Program Counter, the 
Stack Pointer, and Condition Codes register. 


4. The A and B Accumulators in the 6800 MPU are 8-bit registers 
that operate as independent accumulators. 


5. The 16-bit Program Counter can address up to 65,536 different 
addresses in memory. 


6. The6800 MPU has a 16-bit wide address bus. 


7. Direct addressing is limited to the first 256 address locations in 
memory, because it uses an 8-bit address value. 


8. Extended addressing uses a 16-bit (2-byte) address value, there- 
fore it can access any address location in memory. 


9. The Condition Code register in the 6800 MPU contains six 1-bit 
code registers. They are the: 


A. Carry code register that indicates if there was a carry from 
or borrow into the MSB of either accumulator. 

B. Overflow code register that indicates if there was an overflow 
from either accumulator. 

C. Zero code register that indicates if either accumulator is clear 
of 1-bits. 

D. Negative code register that indicates the state of the sign bit 
of either accumulator. 

E. Interrupt Mask code register that is used to determine how 
the 6800 MPU is effected by external interrupt requests. 

F. Half Carry code register that indicates if there was a carry 
from or borrow into the fourth bit of either 8-bit accumulator. 
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10. The Index register is a 16-bit register that can be used to hold 
16-bit values and increment or decrement those values. It is also 
used to hold the 16-bit address values used in indexed addres- 
sing. 


11. The Stack Pointer is another 16-bit working register that can be 
used to hold 16-bit values and increment or decrement those 
values. It is also used as an address pointer for “stack” operations. 


12. When a 16-bit register is loaded with data, two 8-bit memory 
operations are used to supply that data. The first operation loads 
the upper half, or high-byte, of the register. The second memory 
operation loads the lower half, or low-byte, of the register. 


13. The 6800 MPU has about 100,) basic instructions. Adding the 
different addressing modes brings the count to 19719 different 
opcodes. 


14. There are seven general classifications of instructions: arithmetic, 
data handling, logic, data test, index register and stack pointer, 
jump and branch, and condition code. 


15. Two’s complement arithmetic is used within the 6800 MPU. 


16. The add instructions add data in memory to an accumulator, or 
add the two accumulators together and store the sum in an ac- 
cumulator. 


17. The negate instructions perform a two’s complement operation 
on data in memory or in either of the accumulators. 


18. The decimal adjust instruction is used to convert the contents 
of the A accumulator into a valid BCD number after a BCD add 
operation. 


19. The subtract instructions subtract data in memory or an ac- 
cumulator from another accumulator and store the difference in 
an accumulator. 


20. The clear instructions are used to clear (zero) a memory location 
or an accumulator. 


21. The decrement instructions are used to subtract one from a value 
in a memory location, an accumulator, the Index register, or the 
Stack Pointer, and store the new value in the original location. 
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22. The increment instructions are used to add one to a value in 
a memory location, an accumulator, the Index register, or the 
Stack Pointer, and store the new value in the original location. 


23. The rotate instructions are used to shift the eight bits in a memory 
location or accumulator and the carry condition code register bit 
one bit position left or right. On a rotate left, the MSB is shifted 
into carry, and the carry bit is shifted into the LSB. On a rotate 
right, the carry bit is shifted into the MSB, and the LSB is shifted 
into carry. 


24. The shift instructions are used to shift the eight bits in a memory 
location or accumulator one bit position left or right. In each 
instance the carry condition code register bit is replaced by the 
bit shifted out of the accumulator or memory location. On a shift 
arithmetic left, the MSB is shifted into carry, and a zero is shifted 
into the LSB. On a shift arithmetic right, the LSB is shifted into 
carry, and the MSB is shifted back into the MSB as well as into 
the next bit position right. On a shift logical right, the LSB is 
shifted into carry, and a zero is shifted into the MSB. 


25. The load instructions are used to move the contents of memory 
into either accumulator, the Index register, or the Stack Pointer. 


26. The store instructions are used to save the contents of either ac- 
cumulator, the Index register, or the Stack Pointer in memory. 


27. The transfer instructions are used to load the contents of one 
accumulator into the other, load the contents of the Index register 
into the Stack Pointer, or load the contents of the Stack Pointer 
into the Index register. 


28. The AND instructions are used to logically AND, bit-for-bit, the 
contents of an accumulator with a memory location, and store 
the result in the accumulator. 


29. The OR instructions are used to logically OR, bit-for-bit, the con- 
tents of an accumulator with a memory location, and store the 
result in the accumulator. 


30. The Exclusive OR instructions are used to logically XOR (EOR), 
bit-for-bit, the contents of an accumulator with a memory loca- 
tion, and store the result in the accumulator. 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39, 


40. 


The complement instructions are used to perform a one’s comple- 
ment operation on a memory location or an accumulator. 


The bit test instructions are used to logically AND, bit-for-bit, 
the contents of an accumulator with a memory location, and set 
the appropriate condition code register bits. The contents of the 
accumulator and memory location are not affected. 


The compare instructions are used to subtract the contents of 
a memory location from an accumulator, an accumulator from 
an accumulator, or two memory locations from the Index register, 
and set the appropriate condition code register bits. The contents 
of the accumulators, Index register, and memory are not affected. 


The test instructions are used to subtract zero from a memory 
location or an accumulator and set the appropriate condition code 
register bits. The contents of the accumulators or memory are 
not affected. 


The unconditional branch instruction forces the MPU to execute 
the instruction pointed to by the relative address immediately 
following the branch instruction opcode. The relative address 
value is limited to +1279 and — 12819 bytes. 


The conditional branch instruction causes the MPU to test the 
contents of the condition code register. If the proper conditions 
are met, the MPU is forced to execute the instruction pointed 
to by the relative address immediately following the branch in- 
struction opcode. If the conditions are not met, the branch is 
ignored and the next sequential instruction is executed. The rela- 
tive address is limited to + 12739 and — 12819 bytes. 


The no operation instruction is used to advance the Program 
Counter by one. You would use it to waste time in a program 
or reserve space in a program for future instructions. 


The wait for interrupt instruction causes the MPU to go into a 
halt condition where it will only respond to an external interrupt. 


The clear condition code instructions are used to clear to a zero 
state the carry, interrupt mask, or overflow register bits. 


The set condition code instructions are used to set to a one state 
the carry, interrupt mask, or overflow register bits. 
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41. The transfer condition code register instructions are used to move 
the contents of the condition code register into the A accumulator, 
or the contents of the A accumulator into the condition code 
register. 


42. In extended addressing, the second and third bytes of the instruc- 
tion contain the high-order and low-order bytes, respectively, of 
the memory location being addressed. 


43. In indexed addressing, the contents of the Index register are used 
as a pointer to the memory location being addressed. The second 
byte of the instruction contains an 8-bit, unsigned, offset value 
that is added to the Index register value to indicate the actual 
memory location being addressed. 


Microprocessors 


Book 2 


Including Programming Experiments 
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Unit 6 


6-2 Ca a re 


INTRODUCTION 


In the previous unit, you were introduced to the architecture and instruc- 
tion set of the 6800 microprocessor. Much of the MPU’s capabilities were 
discussed; however, three important areas were omitted. These include 
the microprocessor’s stack operation, the use of subroutines, and the 
interrupt capability. These capabilities are discussed in detail in this 
unit. You are also introduced to input-output operations. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


1. Explain the difference between a cascade stack and a memory 
stack. 


2. Write simple programs that can store data in — and retrieve data 
from — the stack. 


3. Write programs that use the stack and indexing to movea list from 
one place in memory to another. 


4. Explain the operations performed by each of the following instruc- 
tions: PULA, PULB, PSHA, PSHB, DES, INS, LDS, STS, TXS, and 
TSX. 


5. Define stack, subroutine, nested subroutine, interrupt, interrupt 
vector, and interrupt masking. 


6. Write programs that use subroutines and nested subroutines. 


7. Explain the operations performed by each of the following instruc- 
tions: JMP, JSR, BSR, and RTS. 


8. Describe how the 6800 MPU performs input and output operations. 
9. Draw flowcharts depicting the sequence of events that occur dur- 
ing reset, non-maskable interrupt, interrupt request, software inter- 


rupt, return from interrupt, and wait for interrupt. 


10. Explain the operation performed by each of the following instruc- 
tions: WAI, SWI, RTI, SEI, and CLI. 
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Figure 6-1 
A cascade stack. 


STACK OPERATIONS 


In computer jargon, a stack is a group of temporary storage locations in 
which data can be stored and later retrieved. In this regard, a stack is 
somewhat like memory. In fact, many microprocessors use a section of 
memory as a stack. The difference between a stack and other forms of 
memory is the method by which the data is accessed or addressed. The 
discussion will begin by considering a simple stack arrangement used in 
some microprocessors. Then the more sophisticated stack arrangement 
used by the 6800 MPU will be discussed. 


Cascade Stack 


Some microprocessors have a special group of registers (usually 8 or 16) 
called a cascade stack. Each register can hold one 8-bit byte of data. 
Because these registers are right on the MPU chip, they make excellent 
temporary storage locations. If we need to free the accumulator for some 
reason, we Can store its contents in the stack. Later, if that piece of data is 
needed again, we can retrieve the data from the stack. Of course, we could 
also have freed the accumulator by storing the data in memory. What then 
is the advantage of the stack? 


One advantage of the stack is the method by which it is accessed or 
addressed. Recall] that when a byte is stored in memory, an address is 
required. That is to store the contents of the accumulator in memory a 
2-byte or 3-byte instruction is required. Depending on the addressing 
mode, the last one or two bytes is the address. Later, if the byte is 
retrieved, another instruction is required that also has an address. 


An advantage of the stack is that data can be stored into it or read from it 
with single-byte instructions. That is, the instructions used with the stack 
do not require an address. Therefore, they are single-byte instructions. 


Figure 6-1 shows an 8-register stack similar to that found in some micro- 
processors. This is called a cascade stack because of the method by which 
data is loaded and retrieved. Al] data transfers are between the top of the 
stack and the accumulator. That is, the accumulator communicates only 
with the top location on the stack. Data is transferred to the stack by a 
special instruction called PUSH. 
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The PUSH Instruction. Figure 6-2 illustrates how the PUSH instruction 
places data in the stack. The number 01,, is in the accumulator and we 
wish to temporarily store it. While we could store the number in memory, 
this would require a 2-byte or a 3-byte instruction. So instead, we use the 
PUSH instruction to place this number in the stack. Notice that the 
number is placed in the top location of the stack as shown in Figure 6-2A. 
The number remains there until we retrieve it or until we push another 
byte into the stack. 


Figure 6-2B shows what happens if, at some time later, we push another 
byte into the stack. Notice that the accumulator now contains 03,,. If the 
PUSH instruction is executed, the contents of the accumulator are 
pushed into the top of the stack. To make room for this new number, the 
original number 01,, is pushed deeper into the stack. 


Figures 6-2C and 6-2D show two more numbers being pushed into the 
stack at later points in the program. Notice that new data is always 
pushed into the top of the stack. To make room for the new data, the old 
data is pushed deeper into the stack. For this reason, this arrangement is 
often called a push-down or cascade stack. The name cascade stack 
comes from the characteristic cascading of data down through the stack 
as each new byte is pushed in at the top. 
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Pushing data into the stack. 
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The PULL Instruction. The MPU retrieves data from the stack by using 
the PULL instruction. In some microprocessors, this is referred to as a 
POP instruction. 


Figure 6-3 illustrates how data can be pulled (or popped) from the stack. 
Figure 6-3A shows the stack as it appeared after the last push operation. 
Notice that it contains four bytes of data. The last byte of data that was 
entered is at the top of the stack. 


The PULL instruction retrieves the byte that is at the top of the stack. As 
this byte is removed from the stack, all other bytes move up, filling in the 
space left by that byte. Figure 6-3B illustrates how OF ,, is pulled from the 
stack. Notice that 07,, is now at the top of the stack. 


Figures 6-3C and 6-3D show how the next two bytes can be pulled from 
the stack. In each case, the remaining bytes move up in the stack, filling in 
the register vacated by the removed byte. 


If you compare Figures 6-2 and 6-3, you will notice that the data must be 
pulled from the stack in the reverse order. That is, the last byte pushed 
into the stack is the first byte that is pulled from the stack. Another name 
for this arrangement is a last-in/first-out (LIFO) stack. 
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Figure 6-3. 
Pulling data from the stack. 


MICROPROCESSORS The 6800 Microprocessor — Part 2 | 6-7 


Memory Stack 


While a cascade stack is valuable, it does have some limitations. For one 
thing, the number of registers is generally quite limited, with eight being 
typical. If more than eight pieces of data are pushed into the stack, the 
“older” bytes are pushed out the bottom and are lost. Also, the readout of 
the stack is destructive. When a byte is pulled from the stack, it no longer 
exists in the stack. This is fundamentally different from reading a byte 
from memory. 


Because of these limitations the 6800 MPU does not use a cascade stack. 
Instead, a section of RAM can be set aside by the programmer to act as a 
stack. This has several advantages. First, the stack can be any length that 
the programmer requires. Second, the programmer can set up more than 
one stack if he likes. Third he can address the data in the stack using any 
of the instructions that address memory. 


Stack Pointer. Recall that the 6800 MPU has a 16-bit register called the 
stack pointer. In a memory-type stack, the stack pointer defines the 
memory location that acts as the top of the stack. 


The cascade stack considered earlier generally does not require a stack 
pointer. The top of the stack is determined by hardware. During push and 
pull operations, the data bytes actually move from one register to another. 
That is, the top of the stack remains stationary and the data moves up or 
down in relation to the stack. 


In the memory stack, data cannot be easily transferred from one location 
to the next. Therefore, instead of moving data up and down in relation to 
the stack, it is much easier to move the top of the stack in relation to the 
data. 


Generally, when the microprocessor-based system is being planned, a 
section of RAM is reserved for the stack. This should be a section of RAM 
that is not being used for any other purpose. 


Once this is done, the stack can be set up by a program. The top of the 
stack is established by loading an address into the stack pointer. For 
example, suppose we wish to establish address 01F9,, as the top of the 
stack. The following instruction could be used: 


LDS# 
01 
F9 
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This loads the address 01F9,, into the stack pointer and establishes that 
address as the top of the stack. However, as you will see, the top of the 
stack moves each time data is pushed into — or pulled from — the stack. 


The PUSH Instructions. The 6800 MPU has two push instructions, PSHA 
and PSHB. These single-byte instructions push the contents of their 
respective accumulator onto the stack. 


Figure 6-4 shows the effects of the PSHA instruction. Before the instruc- 
tion is executed, the stack pointer contains the address 01F9,, as a result 
of a previous LDS instruction. Accumulator A contains a data byte(AAj,). 
If the PSHA instruction is now executed, the contents of accumulator A 
are pushed into memory location 01F9,,. Then, the stack pointer is 
automatically decremented to 01F8,,. This automatically moves the top 
of the stack as shown. 
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If you look at your Instruction Set Summary card, you will see that the 
operation is described as follows: 


A — Msp, SP — 1— SP 


This means that the contents of the A accumulator are transferred to the 
memory location specified by the stack pointer. Also, the contents of the 
stack pointer are replaced by the previous contents of the stack pointer 
minus one. In other words, after the accumulator-to-stack transfer takes 
place, the stack pointer is decremented by one. 
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To reinforce the idea, assume that at some later point in the program, the 
MPU executes a PSHB instruction. This is illustrated in Figure 6-5. Before 
PSHB is executed, the B accumulator contains BB,, and the stack pointer 
is still pointing to 01F8,,. When PSHB is executed, the contents of 
accumulator B are pushed onto the stack and the stack pointer is de- 
cremented to 01F7,.. 


The PULL Instructions. Data bytes are removed from the stack with the 
pull instruction. The 6800 MPU has two pull instructions. PULA allows 
the MPU to pull data from the stack into the A accumulator. PULB 
performs a similar operation except the data byte goes into accumulator 
B. In each case, data is pulled from the top of the stack. Thus, the data byte 
available to the MPU is the last byte that was placed in the stack. 
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Executing the PSHB 
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For example, Figure 6-6A shows the stack as we left it after the last push 
instruction. Figure 6-6B shows what happens if the PULA instruction is 
executed. First, the stack pointer is automatically incremented by one to 
01F8,,. Then the contents of the memory location designated by the stack 
pointer are transferred to accumulator A. Thus, BB,, goes into ac- 
cumulator A. Notice that the stack pointer is incremented before the byte 
is pulled from the stack. 


To be certain you have the idea, consider what happens if the PULB 
instruction is now executed. Figure 6-6C shows that the stack pointer is 
automatically incremented to 01F9,,. The contents of that location are 
then pulled into accumulator B. This operation is described on your 
Instruction Set Summary card as: 


SP +1— SP,Msp > B. 










WLU 
WMMMUA 


sP[ 01 F 7 | 
ACCAY//A 


ACCBYGYA 





WMA 















A. YUMA O11 F B 
sP| 0 1 F 8 | WWM 
Sas 
AccCA| B B YM. 
|p A A | 
acca YA WWW: 
B. puta executeo YW“. 
spl o iF 9 | WILIA© \F 5 
WY, 1 F 6 
AccAf 6 BI WM OF 7 
ae O1F8 
Fak a | A_A_ |OIFo=— 
ACCEL BD YI OFA 
C.. Puce execute YMA O1F B 
Figure 6-6 


Executing PULL instructions. 
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Using the Stack. Figure 6-7 summarizes all of the instructions that di- 
rectly affect stack operations. The push and pull instructions were intro- 
duced in this unit while the other instructions were discussed briefly in 
the previous unit. Find these instructions on your Instruction Set Sum- 
mary card. The push and pull instructions are listed with the Ac- 
cumulator and Memory Operations. Those instructions that affect the 
stack pointer are listed under Index Register and Stack Pointer Opera- 


tions. 
ADDRESSING MODES 


STACK AND STACK POINTER | MMeED | DIRECT | INDEX | EXTND | INHER | BOOLEAN/ARITHMETIC OPERATION 


(All register labels 
OPERATIONS refer to contents) 


A— Msp, SP —1—» SP 
B— Msp, SP -1— SP 


SP +1—- SP,Msp— A 
SP + 1— SP, Mp > B 


Decrement Stack Pntr 4 SP - 1-—+ SP 
Increment Stack Pntr 4 SP +1— SP 
Load stack Pntr M— SP,, (M+ 1)— SP, 
Store Stack Pnir SP,, -» M, SP, — (M + 1) 
Indx Reg — Stack Pntr 4 X- 1-» SP 
Stack Pntr > Indx Reg 4 SP +1-+>X 





Following are some examples of how the stack can be used. First consider Figure 6-7 ; 
ar j ; Stack and stack pointer 
a trivial example. Using only stack operations, swap the contents of a 


accumulators A and B. Assuming the stack pointer has already been set 
up, the program segment might look like this: 


PSHA 
PSHB 
PULA 
PULB 


Assume that accumulator A initially contains AA,, and that accumulator 
B contains BB,,. The first instruction pushes AA,, onto the stack. Next 
BB,, is pushed onto the stack. The third instruction pulls BB,, from the 
top of the stack and places it in accumulator A. Finally, the last instruc- 
tion pulls AA, from the stack and places it in accumulator B. As you can 
see, the contents of the two accumulators are reversed. The following 
routine accomplishes the same thing with one less instruction: 


PSHA 
TBA 
PULB 


G-12}unrsx  C—“—~‘“CS*CsSsSsSsSSCSCSCSCC_micopocessonS 


Figure 6-8. 
Moving a list of data using both 
indexing and stack operations. 





Now look at a more complex example. Assume that you wish to transfer 
16,9 bytes of data from one place in memory to another. As you saw in the 
previous unit, this type of problem is a good candidate for indexing. 
However, indexing alone becomes cumbersome if the two lists are over 
FF,, memory locations apart. The reason for this is that the offset address 
can only extend FF,, locations above the address in the index register. 


In this example, assume you wish to move the data in memory locations 
0010,, through 001F,, to locations 01F0,, to 01FF,s. While this could be 
accomplished using indexing alone, the program becomes unnecessarily 
complicated. Two separate indexes must be maintained; one for loading 
data from 0010,, through 001F,,, the other for storing data in 01F0\, 
through 01FF,,. A simpler approach is to use indexing for one operation 
and the stack capability for the other operation. That is, we could load 
data from the lower list using indexing and store it in the upper list using 
the stack capability. 


A program that does this is shown in Figure 6-8. The first instruction 
loads the stack pointer with address 01FF ,,. This is the address of the last 
entry in the new list that will be formed. Recall that the new list is to be 
written in locations 01F0,, through 01FF,,.. Once location 01FF\, is estab- 
lished as the top of the stack, we can enter data into the new list simply by 
pushing data onto the stack. Because the stack pointer is decremented 
with each push operation, we must push the last entry in the list onto the 
stack first. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load the stack pointer immediately with the 
address of the last entry in the 


new list 

Load Ihe index register immediately with the 
address of the last entry in the 

origina! list. 

Load accumulator A indexed from 

the original ist. 

Push the contents of accumulator A into the new list. 
Decrement the index register 

Compare the contents of the index register 
with one less than the address of the 

first entry in the original list 

\f no match occurs branch back 

this tar 

Otherwise. wait 


The second instruction loads the index register with the address of the 
last entry in the original list. This is necessary for the reason pointed out 
above. 


Next, the A accumulator is loaded using indexed addressing. Since the 
offset address is 00;,, the accumulator is loaded with the contents of 
001F,.. That is, the last entry in the original list is loaded into ac- 
cumulator A. 
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The PSHA instruction then pushes the contents of accumulator A onto 
the stack. Thus, the last entry in the original list is transferred to location 
01FF\.. In the process, the stack pointer is automatically decremented to 


The index register is decremented to 001E,, by the next instruction. Then, 
the CPX instruction compares the index register with OOOF,, to see if all 
entries in the list have been moved. If no match occurs, the MPU branches 
back and picks up the next entry in the list. The loop is repeated over and 
over again until the entire list has been moved to its new location. 


Other uses of the stack will be revealed later. However, even if the stack 
did nothing more than has already been explained, it would be a very 
useful capability to have. But as you will see, the MPU uses the stack in 
several other ways that makes this capability even more important. 


Self-Test Review 
1. What is a stack? 
2. What is a cascade stack? 
3. What is a memory stack? 
4. Which type of stack does the 6800 MPU use? 
5. What is the name of the instruction that stores data in the stack? 
6. What type of instruction is used to retrieve data from the stack? 
7. What is the purpose of the stack pointer? 


8. The PUSH instruction transfers data from one of the accumulators 
to 


9. The PULB instruction transfers data from the top of the stack to 


10. Refer to Figure 6-8. How can we change this program so that the 
new list is placed in addresses 0220,, through 022F? 


' 
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Answers 


1. 


10. 


A stack is a group of registers or a section of memory that is used as 
a last-in, first-out memory. 


A cascade stack is a group of hardware registers (usually 16 or less) 
that is used as a last-in, first-out memory. 


A memory stack uses a section of RAM as a last-in, first-out mem- 
ory. 


A memory stack 

PUSH 

PULL 

The stack pointer indicates the address of the top of the stack. 
The top of the stack. 

Accumulator B. 


By changing the first instruction to: LDS# 022F1,. 


3 = -1 
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SUBROUTINES 


A subroutine is a group of instructions that performs some limited but 
frequently required task. A given subroutine may be used many times 
during the execution of the main program. In many cases, the easiest way 
to write a program is to break the overall job down into many simple 
operations, each of which can be performed by a subroutine. 


Because subroutines are used so frequently, most microprocessors have 
special capabilities that allow them to handle subroutines efficiently. In 
this section, these capabilities will be examined. The discussion will start 
with the instructions associated with subroutines. 


The 6800 MPU has three instructions that are used to handle subroutines. 
They are: 


Jump to Subroutine (JSR) 
Branch to Subroutine (BSR) 
Return from Subroutine (RTS) 


Each of these will be discussed in this section. One other instruction that 
has not yet been mentioned will also be discussed. It is the Jump (JMP) 
instruction. While not used exclusively with subroutines, the JMP in- 
struction makes an excellent introduction to the Jump to Subroutine (JSR) 
instruction. Therefore, the Jump (JMP) instruction will be discussed first. 


Jump (JMP) Instruction 


This instruction allows the MPU to jump from one point in a program to 
another. In this respect, it is somewhat like the Branch Always (BRA) 
instruction that was discussed earlier. The difference is the method of 
addressing used. Recall that the BRA instruction used relative address- 
ing. This has the advantage that only a 2-byte instruction is required. Its 
disadvantage is that the branch must be within the range of — 128 bytes to 
+127 bytes of the program count. 
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Figure 6-10 
Using the JMP instruction to 
repeat a program. 
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Figure 6-9 
Format of the JMP instruction 
using extended addressing. 


The JMP instruction can use either the indexed or the extended address- 
ing mode. It does not use relative addressing. When using extended 
addressing, the format of the JMP instruction is as shown in Figure 6-9. 
Three bytes are required; the opcode followed by the 2-byte address to 
which the MPU is to jump. Since a 16-bit address is given, the jump may 
be to any point in the 65,536,, byte memory range. This address is loaded 
into the program counter so that the next opcode is fetched from that 
address. The previous contents of the program counter are lost. Thus, the 
MPU starts executing instructions from a new point in memory. 


._ PROGRAM TO BE 
REPEATED 


An example of how the JMP instruction can be used is shown in Figure 
6-10. Here, a long program is to be repeated over and over again. This is 
typical of applications such as controllers that repeat the same operations 
endlessly. The program is contained in the upper 1k bytes of memory. It 
starts at location FCO0,, and ends at FFEO,,. Notice that the last instruc- 
tion is JMP FC00,,. This sends the program back to its beginning so that 
the loop is repeated endlessly. 


MEMORY 
ADDRESS 
A000 
MEMORY 
ADDRESS pee 
0070 IMP 
oo71 | AO | 
oo7z | 00 | 
kOe io ox a FY 
MAIN — SUBROUTINE 
PROGRAM aI 
eat 
IMP 
[| 00 | 


Figure 6-11 
Using the JMP instruction to 
call a subroutine. 
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Another possible use of the JMP instruction is shown in Figure 6-11. 
Here, the main program is in the lower memory locations shown on the 
left. The main program requires a subroutine that is up at address A000 
(shown on the right). The JMP instruction at address 0070 sends the MPU 
off to the subroutine as shown. The last instruction in the subroutine is 
another JMP instruction that sends the MPU back to the main program. 


Jumping toa subroutine is often referred to as calling a subroutine. While 
we Can Call a subroutine using the JMP instruction, this approach has a 
distinct problem. What happens if the main program wants to call the 
same subroutine more than once? That is, suppose a situation like that 
shown in Figure 6-12 is required. Here, the main program (on the left) 
wishes to call the subroutine (on the right) at two separate points. Jump- 
ing to the subroutine is no problem. We can do that as many times as we 
like, using the instruction JMP A000. The problem is: how do we get back 
from the subroutine to the main program? The first time through the 
subroutine, the MPU should return to address 0073. The second time 
through, the MPU should return to address 0093. 


A programmer could get around this problem by changing the last in- 
struction in the subroutine before each call or by constructing a table of 
return addresses, etc. However, most microprocessors have some instruc- 
tions that solve this problem for us. The following section will discuss the 
6800 MPU’s solution to this problem. 


AGORESS:| hittniaid ponssetace scaaeen 
coro} IMP _| Bava 
Sor] A 

oorz| 00 | 

oo73| 








MAIN 
PROGRAM 


SUBROUTINE 
0090 


0091 
0092 
0093 


THE 
PROBLEM 





Figure 6-12 
The JMP instruction cannot 
handle situations like this one. 
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JSR and RTS Instructions 


If you refer to Figure 6-12 again, you will see that this problem arises 
because the old program count is not saved when the MPU jumps from 
one location to the next. However, the 6800 MPU has an instruction that 
will not only jump to a subroutine, it will also cause the old program 
count to be stored away. This instruction is called the Jump to Subroutine 
(JSR) instruction. Its format is exactly the same as the JMP instruction but 
its execution is different. 


Figure 6-13 shows how the earlier problem can be solved using the JSR 
instruction. Notice that the two JMP instructions in the main program 
have been replaced by JSR instructions. Notice also that the last instruc- 
tion in the subroutine is a Return from Subroutine (RTS) instruction. 
These new instructions ease the problem of calling the subroutine. 


ADDRESS 








AQOO 


MAIN 
SUBROUTINE 


wv 

2 

° 

° 
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> 

= 
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Figure 6-13 
The JSR and RTS instructions 
can be used to handle this 
situation. 
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When the first JSR instruction is executed, the subroutine address A000, 
is placed in the program counter. However, just prior to this, the program 
counter was incremented to the address of the next instruction in se- 
quence. That is, the program counter was advanced to 0073,, while the 
contents of address 0072,, were being retrieved. This count (0073,,) is 
automatically pushed onto the stack. By saving the old program count, 
the MPU can tell where to return after the subroutine is finished. As soon 
as the old program count is tucked away safely in the stack, the sub- 
routine address AO00,, is placed in the program counter. Thus, the MPU 
fetches the next instruction from address A000 4g. 


Notice that the last instruction in the subroutine is an RTS instruction. 
When the MPU encounters this single-byte instruction, it will jump back 
to the point where it left off in the main program. It does this by pulling 
the old program count (0073,,) from the stack and placing it in the 
program counter. Consequently, the next instruction will be fetched from 
address 0073s. As you can see, this returns the MPU to the correct point 
in the main program. 


Notice that the programmer does not specify a return address at the end of 
the subroutine. The return address is automatically pulled from the stack. 
This allows us to call the subroutine repeatedly from several different 
points in the main program. 


Figure 6-13 shows that the subroutine is called again by the JSR A000 
instruction in location 0090,,. As this instruction and address are de- 
coded, the program count is incremented to 0093,,. This program count is 
pushed onto the stack. Then A00O,, is placed in the program counter. 
Thus, the MPU jumps off to the subroutine. When the subroutine is 
finished, the RTS instruction causes the old program count to be pulled 
from the stack into the program counter. This causes the MPU to jump 
back to address 0093,, which contains the next instruction in the main 
program. 


6-20 | unit six ICROPROCESSORS 


Nested Subroutines 


Figure 6-14 shows a situation in which the main program calls sub- 
routine A. In turn, subroutine A calls subroutine B. In this situation, 
subroutine B is called anested subroutine. That is, a nested subroutine is 
a program segment that is called by another subroutine. If control is to be 
eventually returned to the main program, two program counts must be 
saved. Figure 6-14 shows how the two program counts are saved in the 
stack. 


At the start of the main program, the stack pointer is loaded with the 
address of the area in memory that has been set aside to act as the stack. If 
no stack instructions have been executed when the main program arrives 
at the first JSR instruction, the stack pointer will still be pointing to where 
it was originally set. The contents of the stack are of no interest until this 
point. 
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Figure 6-14 
Handling nested subroutines. 
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When the main program reaches the JSR instruction, the program count is 
advanced to the address of the next instruction in sequence (008A,,). 
When the JSR instruction is executed, this address (008A,.} is pushed 
onto the stack as shown. The low order byte goes in first, followed by the 
high order byte. In the process, the stack pointer is decremented twice. 
Finally, the new address (C000,,) is placed in the program counter. This 
causes the MPU to jump off to subroutine A which starts at CO00;.. 


Notice that halfway through subroutine A, subroutine B is called. Con- 
sequently, the return address in subroutine A (C006,,) must be saved. 
That is, when the program reaches the JSR instruction in subroutine A, 
the return address (C006,,) is pushed onto the stack as shown. Notice that 
there are now two return addresses in the stack. The starting address of 
subroutine B (F000,,) is then placed in the program counter and the MPU 
jumps off to this subroutine. 


Subroutine B has no nested subroutines of its own, so the program flow is 
through the subroutine as shown. The last instruction in subroutine B is 
the RTS instruction. At this point, the MPU pulls the return address 
(C006,,) from the top of the stack and places it in the program counter. 
This causes the MPU to jump back to the instruction at address C006, in 
subroutine A. 


The remainder of subroutine A is then executed down to the RTS instruc- 
tion. This instruction causes the MPU to pull the next address (008A jg) 
from the stack and place it in the program counter. Notice that this sends 
the MPU back to the main program. 


For simplicity, a single level of subroutine nesting is shown in this 
example. However, in practice, many levels of nesting may be used. For 
example, subroutine B could call subroutine C; etc. Any level of nesting 
can be used as long as enough memory is set aside for the stack. Re- 
member, each return address requires two bytes in the stack. 


Branch to Subroutine (BSR) Instruction 


Quite often, the subroutine we wish to call is within the —128,) to +1274 
byte range of the relative address. When it is, we can save one byte by 
using the Branch to Subroutine (BSR) instruction. The execution of BSR 
is identical to that of JSR except that relative addressing is used. The old 
program count is saved in the stack before the branch occurs. Thus, the 
RTS instruction at the end of the subroutine will cause the old program 
count to be restored. 
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Summary of Subroutine Instructions 


Figure 6-15 shows the four instructions discussed in this section. Notice 
that the BSR instruction uses relative addressing. The JMP and JSR 
instructions can use either indexed or extended addressing. The RTS 
instruction uses inherent addressing since its address is pulled from the 
top of fhe stack. 


Find these instructions on your Instruction Set Summary card. The 
operations performed by these instructions are illustrated under “Special 
Operations” on the back of the card. Also, Appendix A of this course 
gives a concise description of the operations performed by each of these 
instructions. 






JUMP AND BRANCH [RELATIVE] INDEX | EXTND | INHER | 
OPERATIONS MNEMONIC |op| |#for}| [#for] [efor] | #| 


2 
2], 7E 43 473 
27804973 
39 541 


Figure 6-15. 
Subroutine and jump instruc- 
tions. 






Branch To Subroutine 
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Jump To Subroutine JSR 
Return From Subroutine 
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Self-Test Review 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


What is a subroutine? 
What addressing modes can the JMP instruction use? 
How does the JMP instruction differ from the BRA instruction? 


How does the execution of the JSR instruction differ from that of the 
JMP instruction? 


Why is the program count saved when the JSR or BSR instructions 
are executed? 


Where is the program count saved? 
How is the stack pointer affected by the JSR instruction? 


Generally, the last instruction in the subroutine will be a 
instruction. 


What is a nested subroutine? 


How is the stack pointer affected by the RTS instruction? 
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Answers 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


A subroutine is a group of instructions that performs some specific, 
limited task that is used more than once by the main program. 


Indexed and extended. 

Since the BRA instruction uses relative addressing, it can branch 
only in a —128,, to +127,) byte range. The JMP instruction uses 
indexed or extended addressing. Therefore, it can jump to any 


point in memory. 


When the JSR instruction is executed, the program count is saved 
in the stack. 


The program count is saved sothat when the subroutine is finished, 
the MPU can return to the point it left off. 


The program count is pushed into the top two locations of the stack. 


The stack pointer is automatically decremented twice as the pro- 
gram count is pushed onto the stack. 


Return from Subroutine (RTS). 


When subroutine A calls subroutine B, subroutine B is said to be 
nested. 


The stack pointer is automatically incremented twice as the old 
program count is pulled from the stack. 
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INPUT — OUTPUT (I/O) OPERATIONS 


A full explanation of input-output (I/O) operations will be given in the 
next units, but a brief introduction to I/O is necessary at this point. In this 
section, you will learn what is involved in sending data to — or taking 
data from — the MPU. 


To be useful, a microprocessor system must accept data from the outside 
world, process it in some way, and present results to the outside world. 
The input device may be nothing more thana group of switches while the 
output device can be as simple as a bank of indicator lamps. On the other 
hand, a single microprocessor might handle several teletypewriters, 
printers, papertape machines, etc. The point is that the I/O requirements 
can vary greatly from one application to the next. This section will be 
concerned with the simplest form of I/O operations. 


In the short history of microprocessors, two distinctly different methods 
have been developed for handling I/O operations. In some microproces- 
sors, I/O operations are handled by I/O instructions. These microproces- 
sors generally have one input instruction and one output instruction. 
When the input instruction is executed, a byte is transferred from the 
selected I/O device to a register (usually one of the accumulators) in the 
MPU. The1/O device is selected by sending out a device selection byte on 
the address bus. By using an 8-bit byte for device selection, the MPU can 
specify up to 256,) different I/O devices. Of course, no microprocessor 
system uses that many devices, but the capability is there. The output 
instruction causes a data transfer from the accumulator to the selected I/O 
device. While this method of handling I/O operations is used in many 
microprocessors, the 6800 MPU uses a different technique. 


The other method for handling I/O operations is to treat all I/O transfers as 
memory transfers. This is the method used by the 6800 MPU and many 
other microprocessors. In fact, even those microprocessors that have I/O 
instructions can ignore those instructions and handle I/O operations as 
memory transfers. 


The 6800 MPU has no I/O instructions. An I/O device is assigned an 
address and is treated as a memory location. For example, assume that an 
input keyboard has been assigned an address of 8000,,. Wecan input data 
into accumulator A by using the instruction: 


LDAA 8000;, 
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By the same token, an output display may have been assigned the address 
9000,;. In this case, we can output from accumulator B by using the 
instruction: 


STAB 9000;¢. 


As youcan see, the I/O device is treated as a memory location. The system 
block diagram shown in Figure 6-16 shows how an I/O device is con- 
nected to the microcomputer. Notice that both the data bus and the 
address bus connect to the I/O interface. As you will see in the next unit, 
the interface can consist of an address decoder, an output or input latch, 
and buffers or drivers. 






ADDRESS 


BUS DATA 


BUS 


. 1/0 
Figure 6-16 
Adding I/O to the 
microcomputer. e%. MICRO COMPUTER 


BSS eSe eBags az miscaa ss —_ = = 
SF OUTSIDE WORLD 
1/0 
DEVICE 


The address decoder monitors the address bus and enables the interface 
circuitry whenever the proper address is detected. This prevents the I/O 


interface from interfering when data is being transferred between mem- 
ory and the MPU. 


The I/O interface will generally have an output latch if it is to be used for 
an output operation. The reason for this is that the data from the MPU will 
appear on the data lines for only an instant (usually less than one mi- 
crosecond). By storing the output data ina latch, the I/O device is givena 
much longer period of time to examine and respond to the data. 


Buffers or drivers are also included in the I/O interface. As you will see 
later, these are frequently necessary when several different circuits are 
sharing the same bus. 


MICROPROCESSORS The 6800 Microprocessor — Part 2 | 6-27 


Output Operations 


Figure 6-17 shows a simplified output circuit. Here, the output deviceisa 
bank of eight light emitting diodes (LEDs). Enough detail is shown to 
illustrate how an output operation can be performed. The address de- 
coder monitors the address bus, looking for the address 9000,,. It also 
monitors some of the control lines that connect to the MPU. One of those 
lines is called a read-write line. It goes to its low state when a write 
(output) operation is initiated by the MPU. The other control lines will be 
discussed in the next unit. “i 
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Notice that the output of the address decoder is used to enable the output 
data latch and drivers. When these are enabled, the byte on the data lines 
is stored in the latch. The data bits stored in the latch cause the appro- 
priate LEDs to light up. By outputting appropriate bit patterns, the MPU 
can cause different binary numbers to be displayed. 


Notice that the address decoder (and therefore the display) is given the 
address 9000,,. We can output data to the display in several different 
ways. For example, we can load the appropriate pattern to be displayed 
into accumulator A. Then by executing a ‘‘store accumulator A” ex- 
tended instruction, we can transfer the contents of the accumulator to the 
display. The instruction would be: STAA 9000,.. Or, we could output 
data from accumulator B by using the instruction: STAB 9000. 
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In either case, the address 9000,, goes out on the address bus for a brief 
interval of time. The address decoder recognizes this address. At the 
same time, the control lines indicate that an output operation is called for. 
In particular, the read-write line goes low. This causes the address de- 
coder to enable the output.data latch for an instant. Simultaneously, the 
8-bit data byte appears on the data bus. The output latch stores the data 
byte. The data appears at the input of the latch for less than a microsecond 
(typically). However, once the data is stored, it appears at the output of 
the latch until new data is written in. Thus, the output data will be 
displayed until the next byte of data is outputted by the MPU. 






Figure 6-18 
Simplified input circuit. 


Input Operations 


Figure 6-18 shows a simplified input circuit. Here, the input device is a 
bank of eight switches. When a switch is open, its respective input line to 
the buffer is held high by the pull-up resistors. However, when a switch is 
closed, its respective input line is pulled low because the switch connects 
it to ground. 


In this simple circuit, no latch is required between the switches and the 
data bus. However, a buffer is used so that the switch bank can be 
effectively disconnected from the data bus when the switches are not 
being addressed. 


As with the output circuit, an address decoder monitors the address and 
control lines. Notice that the assigned address is 8000,,. To input data 
from the switch bank to accumulator A, we use the instruction: LDAA 
8000,,.Or, we could input the data to accumulator B by using the instruc- 
tion: LDAB 8000... 
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In either case, the address 8000,, is placed on the address line. The 
address decoder recognizes this address and enables the buffer. For a 
brief interval (typically less than one microsecond}, the lines of the data 
bus assume the same state as the lines on the right side of the buffer. If no 
switch is depressed, all data lines will be high and all 1’s (FF,.) will be 
loaded into the accumulator. However, if one of the switches (So, for 
example) is depressed, its respective data line (D,) will be low. In this 
case, the number read into the accumulator will be FE,,. By examining 
the byte that is read in, the MPU can determine which switch is de- 
pressed. 


Input — Output Programming 


You now know enough about simple input/output circuits to perform 
some I/O operations. Refer to Figures 6-17 and 6-18. For the first example, 
assume that you would like one of the LEDs to light when the correspond- 
ing switch is pushed. That is, LED, should light when S, is pushed; LED, 
should light when S, is pushed, etc. 


If you refer to Figure 6-17, you will see that an LED is caused to light by 
placing a 0 in the proper bit in the latch. For example, a 0 in bit 0 will 
cause LED, to be forward biased. Thus, the diode will conduct and emit 
light. Notice that a 1 at bit 0 will not allow the diode to conduct and emit 
light. Consequently, a 0 turns the LED on and a 1 turns it off. 


Refer to Figure 6-18, and you will find that, when one of the switches is 
closed, its corresponding line goes to O. If the switch is not closed, its 
corresponding line is at 1. 


If we load data into one of the accumulators from address 8000,, and then 
store the data at address 9000,,, the switches will appear to control the 
LED’s. The program could look like this: 


= LDAA 
80 
00 
STAA 
90 
00 
BRA 
F8 
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If S,, and only Sp, is closed when the LDAA 8000 instruction is executed, 
11111110, will be loaded into accumulator A. The next instruction stores 
this data byte in the output latch. This causes LED, and only LEDs, to 
light. The BRA instruction holds the MPU in a tight loop. Try a few 
examples and verify that each time a switch is closed, the corresponding 
LED will light. If the switches are set to some 8-bit binary number, the 
LED’s will display that 8-bit number. 


Now, suppose we change our mind and decide that the LEDs should 
display the one’s complement of the binary number set on the switches. 
We do not have to touch the hardware. Instead, we just change the 
program.The new program might look like this: 


LDAA 
80 
00 

COMA 

STAA 
90 
00 

BRA 
F7 


Notice that we have simply inserted the one’s complement instruction 
between the input and output operations. 


As another example, suppose we wish to display a number that is four 
times greater than the number set on the switches. Our program could be 
changed to this: 


LDAA 
80 
00 

ASLA 

ASLA 

STAA 
90 
00 

BRA 
F6 


Once again, no hardware change is needed. We simply insert two ASLA 
instructions between the input and output operations. 
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Although these examples are very simple, they illustrate the flexibility of 
this I/O arrangement. Data is pulled from the input device as if it were 
being pulled from memory. Once in the MPU, the data byte can be 
modified in any way we like. The data can then be transferred to the 
output device as if it were being stored in memory. While the data isin the 
MPU, it can be modified in any number of ways. The input byte can be 
shifted left or right. It can be added to — or subtracted from — another 
number. It can be ANDed or ORed with another byte. The possibilities are 
endless and yet none of these involve a hardware change. All data 
manipulations can be accomplished by the program. 


Program Control of I/O Operations 


In the preceding examples, all I/O transfers are controlled by the program 
and the program alone. The program is in a tight loop that inputs data 
from the switches, modifies the data (if required), and outputs the data to 
the displays. 


When this arrangement is used, the MPU never knows if the data at the 
input has changed. It simply reads in the data a number of times each 
second. By the same token, the MPU outputs the data over and over again. 
This system works well for simple I/O operations. However, as the I/O 
requirements become more sophisticated, this technique becomes cum- 
bersome. 


The program must be in a loop if it is to repeatedly check for inputs and 
refresh the output. As the number of data manipulations increase, the 
loop becomes longer and the MPU must check the inputs less frequently. 
When several I/O devices are used, it must check each input and refresh 
each output repeatedly. If the loop becomes too long, the MPU may miss a 
momentary switch closure. This may be acceptable in some applications 
but in many others it may be intolerable. Obviously then, a more sophisti- 
cated method of handling I/O operations must be available to the mi- 
crocomputer. 


6-32 | unit six MICROPROCESSORS 


Interrupt Control of I/O Operations 


A more effective way of handling I/O operations involves a concept 
called interrupts. Interrupts are a means by which an I/O device can 
notify the MPU that it is ready to send input data or to accept output data. 
Generally, when an interrupt occurs, the MPU suspends its current oper- 
ation and takes care of the interrupt. That is, it might read in or write outa 
byte of data. After it has taken care of the interrupt, the MPU returns to its 
original task and takes up where it left off. 


An analogy may help you to visualize an interrupt operation. Compare 
the MPU to the president of a corporation who is writing a report. The 
interrupt can be compared to a telephone cal]. The president’s main task 
is the report. However, if the telephone rings (an interrupt), she finishes 
writing the present word or sentence then answers the phone call. After 
she has attended to the phone call, she returns to the report and takes up 
where she left off. In this analogy, the ringing of the telephone notifies the 
president of the interrupt request. 


This analogy shows the difficulty of the program controlled I/O 
technique discussed earlier. If we remove the interrupt request (the 
ringing of the phone), we are left with an almost comical situation. The 
president writes a few words of the report. She then picks up the phone to 
see if anyone is on the other end. If not, she hangs up the phone, writes a 
few more words, and checks the phone again. Clearly, this technique 
wastes an important resource — the president’s time. 


This simple analogy shows the importance of an interrupt capability. 
Without it, a great dea] of the MPU’s time can be wasted doing routine 
operations. The next section will examine the interrupt capabilities of the 
6800 MPU. 
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Self-Test Review 


21. What are the two methods by which microprocessors handle I/O 
operations? 


22. Which method does the 6800 MPU use? 


23. Which instruction can be used for transferring data from an I/O 
device to accumulator A? 


24. Which instruction can be used for transferring data from ac- 
cumulator B to an I/O device. 


25. Write a program segment that will: read in data from the switch 


bank shown in Figure 6-18; double the number; and display the 
result on the LED bank shown in Figure 6-17. 


26. What is meant by program control of an I/O operation? 


27. What is meant by interrupt control of an I/O operation? 
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Answers 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


Some microprocessors have input-output instructions; others treat 
1/O as memory. 


The 6800 MPU treats I/O as memory. 
LDAA 
STAB 


One solution is: 


LDAA 
80 
00 

ASLA 

STAA 
90 
00 


Using this method, the program regularly reads in or writes out 
data. All I/O operations are controlled by the program. 


Using this method, the I/O device itself signals the MPU that it is 
ready to transmit or receive data. The I/O operations are controlled 
largely by the I/O device itself. 
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INTERRUPTS 


Interrupts were introduced in the previous section in connection with I/O 
operations. While I/O operations use part of the interrupt capability of the 
MPU, interrupts are also used in other ways. The 6800 MPU has four 
different types of interrupts: 


Reset 
Non-Maskable Interrupt (NMI) 
Interrupt Request (IRQ) 
Software Interrupt (SWI) 


This section will examine each of these interrupts in detail. 


Reset 


In a typical application, the microcomputer has a control or monitor 
program ina read-only-memory (ROM). Also, a random access read-write 
memory (RAM) is used for holding input data, intermediate answers, 
output data, etc. As we have seen, the 6800 MPU has the capability of 
addressing up to 65,536, memory locations. Most microprocessor appli- 
cations do not require this much memory. In many applications, the 
control program requires less than ten percent of the possible locations. 
The RAM probably uses less than two percent. Generally, the monitor 
program is placed at the high memory addresses. The RAM is usually 
given the low memory addresses so that the direct addressing mode can 
be used. The I/O devices are given intermediate addresses. Thus, the 
memory addresses may be allocated as shown in Figure 6-19. 


Notice that the control or monitor program is placed in a ROM at the very 
top of memory. In this example, a 1024 ,) byte ROM is used. The addresses 
of the ROM are FCOO,, through FFFF,,. A small RAM is placed at the low 
end of memory. Addresses 0000,, through 01FF,, are used. Notice that all 
other addresses are unused except for two. The input device is assigned 
address 8000,,, while the output device is assigned address 9000,,. 


The monitor program stored in the ROM, controls all the activities of the 
MPU. At all times, the entire system is being run by this program. In this 
example, when the microprocessor is initially turned on, it should start 
executing instructions at address FCOO,;. Also, we should be able to 
restart the program at this address at any time. In order to accomplish 
this, the 6800 MPU has a built-in reset capability. 


0000 


512 BYTES OF 
RA‘ 


UNUSED 
ADDRESSES 





Ook ht 











ANDRESS OF 
INPUT NEVICE 


£000 


UNUSED 
es 
ADDRESS OF 
OUTPLT NEVICE 


92000 





uNUSED 
ADDRESSES 


'¢ao 
1024 BYTES 
CRP EF 


Figure 6-19. 
Memory allocations in a typi- 
cal microcomputer system. 
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The 6800 MPU has a signal line or control pin that is called Reset. This 
pin or line is connected toa reset switch of some kind. If this line goes low 
for a prescribed period of time (to be explained later) and then swings 
high, the MPU will initiate a reset interrupt sequence. The main purpose 
of the reset interrupt sequence is to load the address of the first instruc- 
tion to be executed into the program counter. This would be easy to 
accomplish if, in every application, the starting address were the same. 
However, the starting address differs from one application to the next. 
Therefore, a convenient means is provided to allow the designer to 
specify any starting address that he likes. 


In any 6800 based microprocessor system, the upper eight bytes of ROM 
are reserved for interrupt vectors. An interrupt vector is simply an ad- 
dress that is loaded into the program counter when an interrupt occurs. 
Figure 6-20 shows how these eight reserved memory bytes are allocated. 
Notice that addresses FFFE,, and FFFF,, contain the reset vector. That is, 
these two memory locations contain the address of the first instruction 
that is to be executed when the microcomputer is initially started. In our 
example, the first instruction in the monitor program is at address FCO0,,. 
Consequently, this is our reset vector. Location FFFE,, must contain the 
high byte of the address (FC,,) and FFFF,, must contain the low byte of 
the address (00,,). 


Remember locations FFFE,, and FFFF,, are in the read-only-memory. 
Therefore, the designer must provide the proper reset vector at the time 
he is writing the monitor program. 





























Address 
R Vecto 
Pere | ees 
i Vecto 
BF fo: | eae 
1 Vect 
PR RA | eee” 
Int t Vect 
FPF S| eee 
Figure 6-20. Non-Maskable-Interrupt Vector 
Interrupt ae assignments. " : " : sion Meenebhe ilorrent Vector 
(low order address) 
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FFFE 
Pei 
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Figure 6-21 shows the sequence of events that occurs when the MPU is 
reset. First, the interrupt (I) mask bit is set. You will recall that the I flag is 
one of the condition code registers. As you will see later, if this flag is set, 
it prevents one of the other interrupts from occurring. Thus, the MPU sets 
the interrupt mask bit so that the reset sequence wil] not be interrupted by 
a request for interrupt by one of the I/O devices. 


=) 


Set Interrupt 
Mask Bit (1) 


Load high byte 





of PC with 
contents of 
FFFE,,; 
Figure 6-21. 
Reset interrupt sequence. 
Load lower byte 
of PC with Reset 
contents of Interrupt 
FFFF Sequence 
Start normal Normal 
Fetch-Execute MPU 
Cycle Cycle 


Second, the contents of location FFFE,, are loaded into the high byte of 
the program counter. This is done by sending the address FFFE,, out on 
the address bus. The memory location is read out and its contents are 
placed on the data bus. The MPU picks up this byte and places it in the 
upper eight bits of the program counter. In our example, the byte in 
location FFFE,. is FC,,. 


Next, the contents of location FFFF ,, are loaded into the lower eight bits 
of the program counter. This is done by setting the address bus to FFFF 4.. 
Thus, the contents of the highest memory location are placed on the data 
bus. In our example, this byte is 00,,. At this point, the program counter 
contains the address of the first instruction which is FCOO,,. 


The reset sequence is then terminated by switching the MPU to its normal 
fetch-execute machine cycle. Thus, the instruction at address FC00,, is 
fetched and executed. From this point on, all MPU activities are control- 
led by the program. 
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The microprocessor system will have a reset switch somewhere in the 
system. This will allow the operator to restart the system if the system 
locks up or runs away for some reason. In addition, some systems will 
have an automatic reset feature that will allow the system to reset itself 
after a power failure. In both cases, the reset capability of the MPU is used. 


This reset capability can be considered an interrupt, since the MPU 
leaves whatever it is doing and jumps off to the start of the monitor 
program. In most cases, the monitor program would start with a short 
subroutine that initializes the system. It would do things like set up the 
stack pointer, initialize displays, etc. 


Non-Maskable Interrupts 


The 6800 has two other types of hardware interrupts. One of these 
interrupts is maskable; the other is not. A maskable interrupt is one that 
the MPU can ignore under certain conditions. Whereas, a non-maskable 
interrupt cannot be ignored. To illustrate the difference, recall the corpo- 
ration president analogy. 


The president’s report writing can be interrupted by the telephone. How- 
ever, by telling her secretary to hold all calls, she has effectively masked 
one source of interruptions. In this analogy it is impractical to mask all 
interrupts. For example, it could be counterproductive to mask the fire 
alarm. 


Somewhat the same situation can exist in a microprocessor controlled 
system. Some interrupts can be ignored for a few seconds while the MPU 
is performing a more important task. This type of interrupt can be 
masked. Others must not be ignored at all. These cannot be masked. Of 
course, it is up to the designer to decide which interrupts can be masked 
and which cannot. The 6800 MPU has provisions for handling both types. 
How the MPU handles the non-maskable type will be discussed first. 


The 6800 MPU hasa control line called the non-maskable interrupt (NMI) 
line. A high-to-low transition on this line forces the MPU to initiate a 
non-maskable interrupt sequence. The purpose of this sequence is to 
provide an orderly means by which the MPU can jump off to a service 
routine that will take care of the interrupt. 


This becomes somewhat involved because the MPU must be able to go 
back to its main program after the interrupt service routine is finished. It 
must be able to pick up exactly where it left off. Furthermore, all registers 
must hold exactly the same data and addresses that they held when the 
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interrupt occurred. In other words, when an interrupt occurs, the pro- 
gram count must be saved so that the MPU can later return to this pointin 
the program. Also, the contents of the accumulators, index register, and 
even the condition code registers must be saved so that the MPU can be 
restored to the exact condition that existed at the instant the interrupt 
occurred. 


The 6800 MPU accomplishes this by pushing all the pertinent data onto 
the stack. Then, after the interrupt has been serviced, the MPU returns to 
its previous status by pulling the data from the stack. 


The non-maskable interrupt sequence is shown in Figure 6-22. A non- 
maskable interrupt is initiated when the NMI line goes from its high state 
to its low state. The MPU finishes the execution of the current instruction. 
However, before another instruction is fetched, the MPU pushes the 
contents of its registers onto the stack. Recall that the stack pointer always 
points to the top of the stack. For this example, assume that the stack 
pointer was set by an earlier instruction to address 0068 ,«. 
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NO SP-5] Accumulator B 


SP-4 










SP-3 |] Index Reg (high byte) 
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Push registers 
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Figure 6-22. 
Non-maskable Non-maskable interrupt se- 
Interrupt 
Sequence quence. 
| 
MPU 

Start normal 
fetch-execute Cyole 


cycle 
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The MPU pushes the lower eight bits of the program counter into memory 
location 0068,,;. Then it decrements the stack pointer so that the upper 
eight bits of the program counter are pushed into address 0067 ,;. Next, 
the contents of the index register are pushed into addresses 0066,, and 
0065,,. The contents of accumulators A and B and the condition codes are 
also pushed in as shown. When all this has been done, the stack pointer 
will have been decremented seven times to 0061 ,q. 


Return to the flow chart and notice that the next step is to set the interrupt 
mask bit. This allows the MPU to ignore any interrupt requests that occur 
while the non-maskable interrupt is being serviced. 


At this point, the MPU is ready to jump to the interrupt service routine. 
But, what is the address of this routine? Recall the interrupt vector chart 
that was shown earlier in Figure 6-20. The non-maskable interrupt vector 
is at addresses FFFC,, and FFFD,,. Thus, the upper byte of the program 
counter is loaded from FFFC,,; while the lower byte is loaded from 
FFFD,,. This directs the MPU to the first instruction in the non-maskable 
interrupt service routine. From this point on, the MPU returns to its 
normal fetch-execute cycle until the service routine is finished. 


The sequence of events shown in Figure 6-22 happen automatically when 
a non-maskable interrupt sequence is initiated. The NMI line gives exter- 
nal hardware a method of forcing a jump-to-subroutine to occur. In this 
case, the subroutine is a short program that performs some action to take 
care of the interrupt. 


Return From Interrupt (RTI) Instruction 


The non-maskable interrupt is used when some situation exists that 
cannot be ignored. You can probably visualize applications that would 
require such a capability. For example, assume that a microprocessor is 
being used in a numerically controlled drill press. The non-maskable 
interrupt could be used in conjunction with limit switches to prevent 
drilling holes in the work surface. Or, it could be used to shut down the 
machine if someone’s hand got too close. 


The purpose of the service routine is to direct the operation of the 
computer to take care of the interrupt. Typically, it would first determine 
which external device initiated the interrupt. Then it would determine 
the nature of the interrupt. Finally, it would take whatever action was 
necessary to take care of the interrupt. In many cases, the interrupt is of a 
routine nature and can be easily serviced. In these situations, the MPU 
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should return to the main program and take up where it left off. There is 
an instruction that allows the MPU to do this. It is called the ‘‘Return- 
From-Interrupt” (RTI) instruction. Look on your Instruction Set Sum- 
mary card, and you will see that this is a one-byte instruction whose 
opcode is 3Byg. 


Figure 6-23 shows how the RTI instruction is used. The main program is 
shown on the left, while the interrupt service routine is shown on the 
right. Assume that the interrupt signal occurs while the LDAB# instruc- 
tion is being executed. The MPU finishes that one instruction and pushes 
all pertinent data onto the stack. It then jumps to an address determined 
by the NMI vector in address FFFC and FFFD. The contents of these two 
locations determine the starting address of the NMI service routine. 
Notice that the last instruction in the service routine is the return-from- 
interrupt instruction. This instruction returns program control to the 
point in the main program that the MPU left when the interrupt occurred. 





This can be done because the previous status of the MPU was preserved in 
the stack. The RTI instruction causes the accumulators, the index regis- 
ters, the condition code register, and the program counter to be loaded 
from the stack. Thus, the same information that went into the stack when 
the interrupt occurred comes out of the stack when the RTI instruction is 
executed. This allows the MPU to return to the main program and take up 
where it left off. 


ADDRESS DETERMINED 
BY NMI VECTOR 
IN FFFC AND FFFO 


NON-MASKABLE 
INTERRUPT 
OCCURS —> 





MAIN 
PROGRAM 





INTERRUPT 
SERVICE 
ROUTINE 


Figure 6-23 
The RTI instruction returns 
control to the main program 
after the interrupt has been 
serviced. 
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Interrupt Request (IRQ) 


The interrupt request is very similar to the non-maskable interrupt. The 
main difference between the twois that the interrupt request is maskable. 


The 6800 MPU has a control line called the interrupt request (IRQ) line. 
When this line is low, an interrupt sequence is requested. However, the 
MPU may or may not initiate the interrupt sequence depending on the 
state of the interrupt mask (1) bit in the condition code register. If the I bit 
is set, the MPU ignores the interrupt request. If the bit is not set, the MPU 
initiates the interrupt sequence. This procedure is very similar to the NMI 
procedure discussed earlier. Figure 6-24 shows the interrupt procedure. 
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When the IRQ line is low, the MPU finishes the current instruction. It 
then checks the interrupt mask bit. If I is set to 1, the MPU ignores the 
interrupt request and executes the next instruction in sequence. How- 
ever, ifI=0, the MPU pushes the contents of the various registers onto the 
stack in the order shown. 


Next, the interrupt mask bit is set to 1. This prevents the MPU from 
honoring other interrupt requests until the present interrupt has been 
serviced. 


The address of the IRQ service routine is at addresses FFF8,, and FFF9,.. 
The program counter is loaded from these addresses. Thus, the next 
instruction to be executed will be the first instruction in the interrupt 
request service routine. 


Once in the service routine, the MPU goes into its normal fetch-execute 
cycle. When the interrupt has been serviced, control can be returned to 
the main program by an RTI instruction. 


Interrupt Mask Instructions 


The 6800 MPU has two instructions that allow software control of the 
interrupt mask bit. You have seen that the I bit in the condition code 
register is set any time an interrupt sequence is initiated. This prevents an 
IRQ from being honored while a previous IRQ or NMI is being serviced. 
This is an example of setting the interrupt flag with hardware. 





In many cases, it is necessary to set the interrupt flag with software. 
Therefore, the 6800 MPU has an instruction that can do this. It is called 
the ‘‘Set-Interrupt-Mask” (SEI) instruction. If you refer to your Instruc- 
tion Set Summary card, you will see that this is a one-byte instruction 
whose opcode is OF ,;. The flag may be set to prevent an interruption ona 
part of the program that we do not wish to be interrupted. It has the effect 
of disabling interrupt requests. 


Of course, we do not wish to permanently disable the interrupt capabil- 
ity. Therefore, some means must be provided for enabling the interrupt 
request capability. An instruction called ‘“Clear-Interrupt-Mask”’ (CLI) is 
available for this purpose. This is a one-byte instruction whose opcode is 
OE js. 


While we can disable or enable the interrupt request line with these 
instructions, they do not affect the non-maskable interrupt. As the name 
implies, the NMI line cannot be disabled by the I flag. 
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Software Interrupt (SWI) Instruction 


The 6800 MPU has a software equivalent of an interrupt. It is an instruc- 
tion called the ‘Software Interrupt” (SWI). When executed, the instruc- 
tion causes the MPU to perform an interrupt sequence that is very similar 
to the hardware interrupt sequences already discussed. As shown on 
your Instruction Set Summary card, this is a one-byte instruction whose 
opcode is 3F jg. 


Figure 6-25 shows the sequence of events that occurs when this instruc- 
tion is executed. First the contents of al] the pertinent registers are 
pushed onto the stack in the order shown. Next, the interrupt mask is set 
so that interrupt requests cannot interfere. Finally, the software interrupt 
vector is obtained from addresses FFFA,, and FFFB,,. This vector is 
loaded into the program counter so that the next instruction will be 
fetched from this address. As with the other interrupts, the MPU will 
return to the original program when a return-from-interrupt instruction 
is encountered. 
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The software interrupt instruction can be used to simulate hardware 
interrupts. It is also helpful for inserting pauses in a program. For exam- 
ple, the ET-3400 Microprocessor Trainer uses the software interrupt to 
perform the single-step function and to implement the breakpoint capa- 
bility. 


Wait for Interrupt (WAJ) Instruction 


One of the first instructions introduced in this course was the halt in- 
struction (opcode 3E,,). In the previous unit, you learned that this in- 
struction is actually called a Wait-for-Interrupt (WAI). What exactly does 
this instruction do? It does cause the MPU to halt, but there is more to it 
than that. 


When the WAI instruction is executed, the program counter is in- 
cremented by one. Then the contents of the program counter, index 
register, accumulators, and condition code register are pushed onto the 
stack. The order is exactly the same as if an interrupt occurs. The MPU 
then enters a wait state, doing nothing further until, and unless, an 
interrupt occurs. 


The MPU can be forced back into action either by an interrupt request or 
by a non-maskable interrupt. The NMI sequence is the seme as that 
described earlier except for one important difference. Remember that the 
contents of the registers have already been pushed onto the stack. Thus, 
this part of the NMI sequence is omitted. This allows the MPU to respond 
faster to the interrupt. 


The IRQ sequence is also the same as that described earlier except that the 
registers are not pushed onto the stack again. As always, the IRQ signal is 
ignored if the interrupt mask bit is set. 


Of course, the reset signal can override the wait state. Thus, there are 
three ways of escaping the wait state. 
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Self-Test Review 


28. 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


36. 


37. 


38. 


39. 


40. 


List the four types of interrupts available to the MPU. 


Which interrupt is ignored by the MPU if the interrupt mask bit is 
set? 


What is the purpose of the reset interrupt sequence? 
From what addresses is the reset interrupt vector taken? 
What is an interrupt vector? 


List the sequence of events that takes place when a non-maskable 
interrupt occurs. 


What is an interrupt service routine? 
What is usually the last instruction in the interrupt service routine? 
How does the RTI instruction affect the stack pointer? 


Which of the interrupts does not cause data to be pushed into the 
stack? 


Which instruction can be used to disable the interrupt request 
capability? 


List three methods by which the MPU can be released from the wait 
state following the execution of a WAI instruction. 


Under what condition will the IRQ and NMI interrupts not cause 
data to be pushed into the stack? 
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Answers 


28. Reset, non-maskable interrupt, interrupt request, and software in- 
terrupt. 


29. Interrupt request (IRQ). 


30. Todirect the MPU to the first instruction in the monitor or contro! 
program. 


31. FFFE,, and FFFF jg. 
32. The address of the interrupt service routine. 


33. A. The current instruction is executed. 

B. The contents of the pertinent registers are pushed onto the 
stack. 

C. The interrupt mask bit is set. 

D. The NMI vector from addresses FFFC,, and FFFD,, is loaded 
into the program counter. 

E. The instruction at the address specified by the NMI vector is 
fetched and executed. 


34. Aroutine that takes care of the interrupt and then returns control to 
the main program. 


35. The Return-From-Interrupt (RTI) instruction. 


36. Thestack pointer is incremented seven times as the previous MPU 
status is pulled from the stack. 


37. Reset. 
38. Set Interrupt Mask (SEI). 
39. <A. By a reset signal. 
B. By a non-maskable interrupt. 


C. By an interrupt request (if I=0). 


40. If the MPU is waiting for an interrupt. 
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UNIT 6 SUMMARY 


1. In computer jargon, a stack is a group of temporary storage loca- 
tions in which data can be stored and later retrieved. 


2. A cascade stack is a group of registers devoted to the storage 
of data. 


3. A memory stack is an area of memory reserved for stack opera- 
tions. 


4. Data is pushed into and pulled from a stack in a last-in/first-out 
basis. 


5. When the amount of data pushed into a cascade stack exceeds 
the capacity of the stack, the first data pushed is lost. 


6. A memory stack has no fixed length. However, if too much data 
is pushed into the stack, it can overwrite program code or data. 


7. Anadvantage of a stack transfer operation over a memory transfer 
operation is that the instruction to push or pull data in a stack 
does not require an address value. 


8. More than one stack can be setup in memory. 


°, The Stack Pointer is a 16-bit register in the 6800 MPU that is 
used to identify the location of the top of the stack in memory. 


10. The push instructions are used to move the contents of either 
accumulator into the stack. 


11. The pull instructions are used to move the data at the top of 
the stack into either accumulator. 


12. A subroutine is a group of instructions that perform some limited 
but frequently required task. 


13. The jump instruction is similar to the branch always instruction 
only it uses the indexed or the extended addressing mode of oper- 
ation. 
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14. Jumping to a subroutine is often referred to as calling a sub- 
routine. 


15. The jump instruction does not tell the MPU to save a return ad- 
dress. 


16. The jump to subroutine instruction tells the MPU to save the 
address of the next sequential instruction in the stack before it 
loads the Program Counter with the address of the subroutine. 


17. The return from subroutine instruction tells the MPU to pull the 
address located at the top of the stack, place it in the Program 
Counter, and execute the instruction found at that address. 


18. Subroutine nesting occurs when a called subroutine calls another 
subroutine. Many levels of nesting can exist in a program. 


19. A branch to subroutine instruction is the same as a jump to sub- 
routine instruction except that a single-byte relative address is 
used instead of an indexed or extended address. 


20. To be useful, a microprocessor system must be able to interface 
with the “outside world.” 


21. Some microprocessors use specific I/O instructions to handle I/O 
operations. The 6800 has no I/O instructions. Rather, each /O 
interface is assigned a memory location, and all I/O operations 
are treated as memory operations. 


22. The I/O interface generally has a latch on its output port to allow 
the slower peripheral devices sufficient time to respond to the 
data. The input port generally uses a simple buffer to isolate the 
peripheral from the MPU data bus. 


23. To input data from an I/O port, use the indexed or extended forms 
of addressing with either load accumulator instruction. To store 
data, use the indexed or extended forms of addressing with either 
store accumulator instruction. 


24. A peripheral can notify the MPU that it needs servicing with 
an interrupt signal. 


25. There are four types of interrupts: reset, non-maskable interrupt, 
interrupt request, and software interrupt. 
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26. 


27. 


28, 


29. 


30. 


31. 


32, 


Every type of interrupt has a related interrupt vector address. 
Each vector address identifies two sequential memory locations 
that contain the address of the routine, or program, that processes 
the interrupt. The interrupt vectors occupy the last eight memory 
locations. 


The monitor program in ROM controls all MPU/system related 
activities. These control programs are addressed by the MPU im- 
mediately after a reset interrupt. 


When power is applied to the 6800 MPU and its support circuitry, 
the MPU RESET line is momentarily pulled low. This operation 
triggers a sequence of events within the MPU that end with the 
interrupt vector address for the reset interrupt being loaded into 
the Program Counter. The interrupt vector points to the last two 
bytes in the ROM that contain the address of the system start-up 
routine. This address is loaded into the Program Counter and 
the start-up routine is executed. 


A system reset operation can be initiated at any time by pulling 
the MPU RESET line low. 





The first operation the MPU performs when it processes a reset 
interrupt is set the interrupt mask bit in the condition code regis- 
ter. 


A non-maskable interrupt is a hardware interrupt that the MPU 
cannot ignore. A high-to-low transition on the NMI control line 
forces the MPU to initiate a non-maskable interrupt sequence. 
Before the sequence begins, the MPU is allowed to finish the 
current instruction. Then, the MPU saves all of its registers (ex- 
cept the Stack Pointer) in the stack. Next, it sets the interrupt 
mask bit in the condition code register. Finally, it gets the address 
of the service routine. 


A maskable interrupt is a hardware interrupt that the MPU can 
ignore. A low on the IRQ line indicates that an interrupt is being 
requested. It is serviced in the same manner as a non-maskable 
interrupt; except that before the interrupt is serviced, the condi- 
tion code register is checked to make sure the interrupt mask 
bit is clear. 
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33. The end of an interrupt service routine is indicated by the return 
from interrupt instruction. When the instruction is executed, all 
of the register values that were saved in the stack are returned 
to the MPU, and program execution continues from were it was 
originally halted. 


34. Two interrupt mask instructions are used to set and clear the 
interrupt mask bit in the condition code register. When the mask 
bit is set, all external maskable interrupt requests are ignored. 


35. A software interrupt is a program initiated interrupt request. As 
soon as the instruction is executed the interrupt is serviced in 
the same manner as a non-maskable interrupt. 


36. When the wait for interrupt instruction is executed, the Program 
Counter is incremented by one. Then, the contents of the Program 
Counter, Index register, condition code register, and accumulators 
are pushed into the stack. Finally, the MPU goes into a wait state. 
In this state, the MPU will only respond to a hardware interrupt 
of some form. 
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Experiment 1 


Binary/Decimal Training Program 


OBJECTIVES: 


To improve your ability to convert binary numbers to their 
decimal equivalent. 


To improve your ability to convert decimal numbers to their 
binary equivalent. 


To present the proper procedure for entering a program into the 
Microprocessor Trainer. 


To demonstrate the versatility of the Microprocessor Trainer 
and microprocessors in general. 
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INTRODUCTION 


In Unit 1, you were introduced to the binary number system. As you 
proceed through this course, you will find the need to convert binary 
numbers to decimal, and decimal numbers to binary. To improve your 
ability to make these conversions, you will enter a program into the 
Microprocessor Trainer to allow it to act as your instructor. In the first 
half of this experiment, you will use the Trainer to practice binary-to- 
decimal conversion. 


When you use the Trainer, carefully follow all of the operating instruc- 
tions. A microprocessor can only perform properly if it is programmed 
properly. However, you do not need programming experience at this 
time; just follow the instructions provided in this experiment. Do not 
worry about what you are entering. 


The Trainer Manual contains a great amount of useful information in the 
Operation Section. You should review that section before you proceed 
with this experiment. 


If your Trainer has been modified for use with the Heathkit Memory I/O 
Accessory, unplug the Trainer from the AC wall receptacle. Disconnect 
the 40-pin plug that connects the Trainer to the Memory I/O Accessory. 


If your Trainer is Model number ET-3400, reinstall the 2112 RAM IC’s at 
IC-14 through IC-17 before starting the experiments in this unit. 


If your Trainer is Model number ET-3400A, reinstall the 2114 RAMIC’s at 
IC-14 and IC-15 before starting the experiments in this unit. 
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PROCEDURE 


1. Plug in the Trainer and push the POWER switch on. Then momen- 
tarily press the RESET key. The display should show CPU UP. 


2. Push the AUTO (automatic) key. Displays H, I, N, and Z will show 
“prompt” characters (bottom segment of each digit illuminated), 
and displays V and C will show Ad. NOTE: The letters identifying 
each display are located near their bottom right corners. 


3. Push the 0 key three times. 0’s will appear in displays H, I; and N. 


4. Push, but donot release the 0 key. A 0 will appear in display Z. Now 
release the key. The 0 will not change, but displays V and C will 
now show prompt characters. 


NOTE: The Trainer is now ready to receive program data. If you 
make a data error while entering the program, do not attempt to 
correct the error; continue programming. Any errors will be located 
and corrected when you examine your program. 
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00* 
BD 
FC 
BC 
BD 
FE 
52 
5E 
FE 
7C 
00 
01 
B6 
co 
03 
01 
46 
25 
F6 
CE 
00 
00 
DF 
F2 
BD 
FD 
93 
B6 
co 
06 
01 
46 
25 
F9 
BD 
FC 
BC 
BD 
FE 
52 







































*This data may change randomly. 


ADDRESS INST/DATA 
00* 





ADDRESS INST/DATA ADDRESS INST/DATA 
08 00 


0029 
002A 
002B 
002C 
002D 
002E 
002F 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
003A 
003B 
003C 
003D 
003E 
003F 
0040 
0041 
0042 
0043 
0044 
0045 
0046 
0047 
0048 
0049 
004A 
004B 
004C 
004D 
004E 
004F 
0050 
0051 












































0052 
0053 
0054 
0055 
0056 
0057 
0058 
0059 
005A 
005B 
005C 
005D 
O005E 
OO5F 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
006A 
006B 
o06C 
006D 
OO6E 
O06F 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 








































Figure 1 


Binary-to-decimal training program. 
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Be Using the Trainer keys, enter the Binary-to-Decimal training pro- 
gram shown in Figure 1. At each address specified, press the 
appropriate inst/data (program instruction or data) number keys 
(most significant number first). Displays V and C will show the 
inst/data word you have entered. Note that as you release the 
second data key, address displays H, I, N, and Z will increment 
(count up one), and displays V and C will again show prompt 
characters. When you get to the end of the program, press the 
RESET key as indicated. 


6. Now that you have entered the Binary-to-Decimal training pro- 
gram, you must examine the data for errors. Use the following 
sequence to examine the data and correct any errors. 


A. Press the EXAM (examine) key. Note that the display is now 
asking for a 4-digit address (__ _ _ Ad.) 


B. Enter the beginning address of the program (0000). As soon as 
the last address digit is entered, displays V and C show the 
contents of that memory location. NOTE: The address is a 
memory location in the Trainer. 


C. Nowcompare the displayed address and data with the address 
and inst/data columns in the program. 


D. Ifthedisplayed data is incorrect, press the CHAN (change) key. 
The data displays will now show prompt characters. Enter the 
correct data. 


E. Press the FWD (forward) key. The address will increment and 
the data for that memory location will be shown. Correct the 
data if necessary. 


F. Continue to step through the program with the FWD key, and 
correct data as necessary, until you reach the end of the pro- 
gram. It is not necessary to examine or modify the memory 
beyond address 0077 since it will have no effect on the pro- 
gram. 


7. Press the RESET key. 
8. Press the DO key, then enter address 0002. The display should 


show GO. If the display shows a different number or word, or goes 
blank, your program contains an error. Repeat steps 6 through 8. 
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10. 


11. 


12. 


13. 


Press the F key. A 6-bit binary number should appear in the display. 
This is arandom number and should change in value when you are 
told to *"GO” next time. 


Examine the binary number and determine its decimal value. Then 


press the D key. Two prompt characters should appear in the 
display. 


Enter the decimal value of the binary number previously displayed 
(most significant digit first.) For values less than 10, enter a 0 before 
you enter the value. After approximately one second, the Trainer 
will indicate whether or not your answer is correct. 


If your answer was correct, the Trainer will display YES. After 
approximately one second, the word GO will replace the decimal 
number. 


If your answer was incorrect, the Trainer will display NO. After 
approximately one second, the same binary number will again be 
displayed. Determine and enter the decimal value as described in 
steps 10 and 11. 


Refer again to steps 9 through 12 and practice converting binary 
numbers to their decimal equivalent. You should obtain 10 correct 
answers in succession before you continue with this experiment. 
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DISCUSSION 


Now that you have used the Trainer and its microprocessor, you have 
accomplished three objectives. First, you are becoming proficient in 
binary-to-decimal conversion. Second, you have been introduced to the 
correct method for entering, examining, and modifying a program. Third, 
you have been shown how a simple set of instructions can produce a 
powerful training aid. However, you should remember, a microprocessor 
can only perform what you tell it. One incorrect instruction can produce 
totally unexpected results. 


Now, reprogram the Trainer for decimal-to-binary instruction. Since you 
will be using the same memory locations used in the first haif of this 
experiment, the Binary-To-Decimal program will disappear. 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23, 


PROCEDURE (Continued) 


Press the RESET key. 
Press the AUTO key, and enter address 0000. 


Using the Trainer keys, enter the Decimal-to-Binary training pro- 
gram shown in Figure 2. 


Now that you have entered the Decimal-to-Binary program, press 
the EXAM key and enter address 0000. 


Using the FWD key, compare the Trainer memory contents with the 
program address and inst/data listing. If you must correct any data, 
press the CHAN key and enter the proper data. 


After you have checked the program, press the RESET key. 


Press the DO key, then enter address 0001. The display should 
show GO. If the display shows a different number or word, or goes 
blank, your program contains an error. Repeat steps 17 through 20. 


Press the F key. A 2-digit decimal number should appear in the 
display, next to the word GO. This is arandom number and should 
change in value when you are told to “GO” next time. 


Examine the decimal number and determine its binary value. Then 
press the D key. Six prompt characters should appear in the dis- 


play. 


Enter the binary value of the decimal number previously displayed, 
beginning with the most significant bit (MSB). If the decimal value 
is less than 32, be sure to enter any leading zeros. NOTE: Although 
the program will accept any number combination, you should use 
only 1’s and 0’s. 
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ADDRESS INST/DATA ADDRESS INST/DATA 
85 


BD 
FD 
25 
4F 
E6 
00 
C5 
10 
27 
03 
AB 
03 
19 
56 
24 
03 
AB 
06 
19 
08 
8C 
00 
88 
26 
EB 
BD 
00 
7E 
BD 
FC 
BC 
D6 
00 
11 
26 
18 
BD 
FE 
52 
00 
00 
00 
3B 
4F 
DB 
BD 





















































































*This data may change randomly 


Figure 2 
Decimal-to-binary training program. 


ADDRESS INST/DATA 
00 


005E 
OO5F 
0060 
0061 

0062 

0063 

0064 

0065 
0066 
0067 
0068 

0069 
006A 
0065 
006C 
006D 
OO6E 
O06F 
0070 
0071 

0072 

0073 

0074 

0075 
0076 
0077 
0078 
0079 
007A 
007B 
007C 
007D 
007E 
007F 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
008A 
o08B 
008C 
008D 
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24. 


25. 


If your answer was correct, the Trainer will display YES approxi- 
mately one second after you enter the last binary bit. Approxi- 
mately one second later, the Trainer will display GO. 


If your answer was incorrect, the Trainer will display NO approxi- 
mately one second after you enter the last binary bit. Approxi- 
mately one second later, the same decimal number will be dis- 
played again. Determine and enter the binary value as described in 
steps 22 and 23. 


Refer again to steps 21 through 24 and practice converting decimal 


numbers to their binary equivalent. You should obtain 10 correct 
answers in succession before you continue with this experiment. 


DISCUSSION 


In this half of the experiment, you were given further experience in 
programming with the ET-3400 Microprocessor Trainer. You also im- 
proved your ability to readily translate decimal numbers into binary. This 
ability will become very useful as you progress through the Microproces- 
sor Course. 
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Experiment 2 


Hexadecimal/Decimal Training 
Program 


OBJECTIVES: 


To practice the conversion of decimal numbers to their 
hexadecimal equivalent. 


To practice the conversion of hexadecimal numbers to their 
decimal equivalent. 
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INTRODUCTION 


Binary numbers are used in all microprocessors to represent data and 
instructions. But binary numbers are difficult to work with. ... especially 
when the number contains 8, bits or more. To simplify programming, 
microprocessor designers usually use other number systems, like octal or 
hexadecimal, to represent binary data. Both octal and hexadecimal are 
just shorthand notations of binary numbers, Although the numbers are 
entered in hexadecimal or octal, the microprocessor ‘“‘sees’’ them as 
binary. This simplifies programming. 


For example, the binary number 10011111, requires eight key closures 
for entry. Fortunately, this same number can be represented in 
hexadecimal as 9F ,, and requires only two key closures for entry. Fewer 
key closures means less programming errors and more efficient prog- 
ramming. 


Your Microprocessor Trainer is based on the hexadecimal number 
system. You probably noticed this when you loaded the programs in the 
previous experiment; all instructions were coded in hexadecimal. The 
Microprocessor Trainer normally displays data in hexadecimal form. Of 
course, special programs allow the Trainer to accept binary or decimal 
numbers, as you saw in the first experiment. However, these special 
programs waste a portion of the microprocessors potential power and 
aren’t necessary because you can make the conversion from decimal to 
hexadecimal with a little practice. That’s the purpose of this experiment . 
. . to sharpen your conversion skills. 


Again, you will use the Microprocessor Trainer for this purpose. First, 
you'll enter a program that allows you to practice conversion from deci- 
mal to hexadecimal. Then you'll load the second program that reverses 
the process. You'll find that it’s not as difficult as it might appear. 
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Now briefly review decimal-to-hexadecimal conversion. Initially, it’s 
helpful to make up a chart of decimal numbers and their hexadecimal 
equivalents, as shown here. 


Decimal Joa 2 Js] [5] 6] 7]s[ofopapa)iapais 
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Recall that hexadecimal is a base 16,) number system. Both systems use 
identical numbers from 0 through 9. However, at decimal number 10, the 
hexadecimal system shifts to characters of the alphabet, as shown by the 
letters A through F. Conversion of a decimal number to it’s hexadecimal 
equivalent is a simple process where the decimal number is repeatedly 
divided by 16,9, with the remainder producing the equivalent hexadeci- 
mal number. This example will use only 2-digit numbers, since that’s 
what you'll be converting in this experiment. 





Suppose you want to convert 92,, to hexadecimal. The first step is to 
divide 92,) by 16,) as shown below. 


5 
16 y 92 
— 80 
Remainder 12 «= Cie — LSD 





The quotient is 5, but remember, we aren’t concerned with this at the 
moment. We’re interested in the remainder, in this case 12;), because it 
forms the LSD of the equivalent hexadecimal number. Now, refer to the 
chart and find that 12,, = C,, and write this down as the LSD of the hex 
equivalent. The next step is to take the quotient of the previous division, 
in this case 5,9, and divide it by 16,5, as shown below. 


0 


16 y5 


- 0 





Remainder — 5i0= 51¢ — MSD 


Of course, the quotient of this division is 0, signifying that the remainder, 
510, is the MSD of the hexadecimal number. Checking the chart, you find 
that 54) = 51.. Combining the MSD (5,.) and LSD (C,,), you find that the 
hex equivalent of 92,) is 5C,g. You’ll find that, after you’ve made the 
conversion a few times, you’l! be able to do them in your head. You'll get 
that practice in this experiment. 
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PROCEDURE 


1. Turn on the Trainer and press the RESET key. 
2. Press AUTO and then enter address 0000. 
3. Now enter the Decimal-to-Hexadecimal training program, shown 


in Figure 3, into the Trainer. When you’ve entered the last program 
instruction press the RESET key as shown at the end of the program. 





* This data may change randomly 


Figure 3 
Decimal]-to-hexadecimal training program. 


) 17 
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4. Check the stored program by first pressing the EXAM key and then 
entering address 0000. Now use the FWD key to step through the 
program, comparing the contents of memory with the program in 
Figure 3. Remember, the four left-most digits of the display repre- 
sent the memory address and the two digits at the right are the 
contents of memory that should correspond with the INST/DATA 
listing of the program. If you find a mistake, correct it by first 
pressing the CHAN key and then entering the proper data. 


5; When you're satisfied that the program is correct, press the RESET 
key. 


6. Now it’s time to execute the program. Do this by pressing the DO 
key and then entering address 0001. The word “GO” should now 
appear in the two left-most digits. If the display is blank, or if other 
numbers or letters appear, there is an error in the program and steps 
4 and 5 should be repeated. 


7. Now press the F key. A 2-digit “decimal” number will appear on 
the display. The Trainer is asking you to convert this decimal 
number to its hexadecimal equivalent. Therefore, examine the dec- 
imal number and then convert it to hexadecimal. 


8. Enter your answer by first pressing key D. Two prompt characters 
will appear in the left-most digits. Now enter your hexadecimal 
number. 


If you respond correctly, the Trainer will display ‘““YES” for a short 
period and then give you another “GO.” Pressing the F key will 
cause another random number to be displayed. 


An incorrect response will result in the word ‘“‘NO”’ on the display. 
After a short delay, the original decimal number will reappear and 
you should try the conversion process again. This cycle continues 
until you arrive at the correct answer. 


9. Repeat steps 7 and 8, practicing conversion until you're confident 
of your ability. A good guideline to follow is.... when you answer 
10 consecutive queries correctly, you’re probably proficient. 
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DISCUSSION 


As you worked through the exercises in this experiment, you probably 
developed your own shorthand method of conversion. After a few 
queries, you probably found that you didn’t need the decimal-to- 
hexadecimal conversion chart any longer... you had the chart commit- 
ted to memory. Perhaps you noticed that when 16,, is divided into the 
2-digit decimal numbers used in this experiment, the resulting quotient 
always equals the MSD of the hexadecimal equivalent. Naturally, the 
remainder is the LSD. However, this only works for decimal numbers less 
than 159,,. For larger numbers, the procedure studied earlier must be 
used. 


Since the Microprocessor Trainer displays data in hexadecimal and we 
naturally think in decimal, the conversion process must be reversed to 
interpret output data from the Trainer. For example, if the Trainer is 
programmed to add the numbers 1A,, and 9B,,, the result B5,. will be 
displayed. This hexadecimal number means very little. To understand 
the result, you must convert the sum (B5,,) to its decimal equivalent 
(181,)). Now the answer is clear. 


Several methods can be used to change hexadecimal numbers to decimal. 
One process uses double conversion; first, the hexadecimal number is 
reduced to its binary equivalent; next, the resulting binary number is 
transformed into the resulting decimal equivalent. 


Another, more commonly used method, is to use positional notation, 
inherent in any number system, and multiply each digit by its weighted 
value and then add the products. For example, the decimal equivalent of 
the hex number 11,, is derived as shown below: 


Assign Weights: 16! 16° Positional Weights 
1 1 
Weight x Digit: 1 x 161 = 16 ~~ Ly, 1x 16°=1 
Add Products: 16+1=17 


Final Result: 111g = 171 
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The first step is to assign positioned weights to each digit. Since the 
number is hexadecimal, each position represents a power of 1649. Next, 
multiply each digit by its positional weight. Finally, add the products. 
The resulting sum is the decimal equivalent. Therefore, as shown in the 
example, 11,5 is equal to 1749. 


Now try a problem that’s a bit more difficult . . . converting 6B, to 
decimal. To begin with, this expression hardly looks like a number. 
Instead, it’s a combination of anumber and a letter. However, the notation 
at the bottom of the expression denotes a base 16 number so we know it’s 
hexadecimal. The translation process is almost identical to the previous 
example. The only difference being that the hexadecimal “letter’’ must be 
changed to decimal before it can be multiplied by the positional weight. 
The conversion process is shown below. 


Assign Weights: 16! 16° 


6 B 
Convert to Decimal: 6,, = 640 < LL Big = 1110 


Weight x Digit: 6 X 16! = 96 11 x 16° = 11 
Add Products: 96 + 11 = 107 
Final Result: 6Big = 10710 


Again, we begin by assigning positional weights to each digit. However, 
now the second step is to convert the hexadecimal characters to decimal 
numbers. Recall! that 6,5 is equal to 6) and that B,, equals 114). Now 
multiply the weight by the decimal numbers, add the products and obtain 
the final result. As shown, the decimal equivalent of 6By¢ is 107 40. 


In the next section of this experiment, you will load a hexadecimal-to- 
decimal training program in the Trainer and then practice hexadecimal- 
to-decimal conversion. 
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10. 


11. 


12. 


13. 


14, 


15. 


PROCEDURE (Continued) 


Prepare to enter the new program by pressing the RESET key. Next 
press the AUTO key and then enter address 0000. 


Refer to Figure 4 and enter the Hexadecimal-to-Decimal training 
program listed there. When you've entered all of the instructions, 
press the RESET key as indicated at the end of the program. 


Check the program that you've loaded by pressing the EXAM key 
and then entering address 0000. Use the FWD key to step through 
the program, comparing the stored program with the program list- 
ing in Figure 4. Use the CHAN key to correct any errors that you 
find. 


When you are satisfied that the program is correct, press the RESET 
key. 


Now execute the program by first pressing the DO key and then 
entering address 0001. The word ‘‘GO” should appear on the dis- 
play. The absence of this word indicates a programming error and 
you should go back and recheck the program as outlined in step 12. 


Now press the F key. A 2-digit ‘‘hexadecima!” number will appear. 
The Trainer is asking for the decimal equivalent of this number. 
Convert the hexadecimal number into its decimal equivalent. Then 
enter your answer by pressing the D key. Two prompt characters 
will appear. Now enter your answer. 


If your response is correct, the Trainer will display “YES.” You can 
then continue these conversion exercises by again pressing the F 
key. 


However, if your answer is incorrect, the Trainer will display 
“NO.” After a short delay, the original hexadecimal number will 
reappear, and you can try again. 


Continue the conversion training program until you are confident 
of your ability to change hexadecimal numbers to decimal num- 
bers. The standard of ten correct conversions in a row is a good 
guideline. 
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ADDRESS | INST/DATA | ADDRESS | INST/DATA | ADDRESS | INST/DATA | ADDRESS | INST/DATA 





Figure 4 


Hexadecimal-to-decimal training program. 
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DISCUSSION 


The translation of hexadecimal numbers into decimal equivalent num- 
bers is an important part of your training. 


You will find this skill is extremely handy when you begin to write 
programs later in this course. Now you should be able to convert between 
hexadecimal and decimal numbers with ease. Perhaps you even de- 
veloped your own shorthand methods for these translations. If so, use 
them. However, a word of caution .. . be sure they work for all numbers. 
As mentioned previously, some techniques work with small numbers, 
but not with large numbers. 
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Experiment 3 


Straight Line Programs 


OBJECTIVES: 


To demonstrate the instructions presented in Unit 2 with sim- 
ple programs. 


To present three new instructions and use them in simple 
programs. 


To demonstrate some programming pitfalls. 


To demonstrate the difference between RAM and ROM. 
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INTRODUCTION 


Unit 2 introduced you to the basic microprocessor and its internal struc- 
ture. You also learned six basic microprocessor instructions that are 
represented by 8-bit binary numbers called “op codes.” Op codes allow 
you to use the microprocessor for data manipulation. Figure 5 lists the six 
instructions and their op codes. It also lists three new instructions that 
you will use in this experiment. These new instructions use the inherent 
addressing mode described in Unit 2. 


This is the first experiment to introduce microprocessor instructions that 
you can identify. There are a number of Trainer keyboard commands that 
you must learn in order to examine and use the microprocessor instruc- 


tions. The Trainer commands that you should know for this experiment 
are: 


DO — Execute the program, beginning at the address specified after this 
key is pressed. 


EXAM (examine) — Display the address and memory contents at the 
address specified after this key is pressed. Memory contents can be 
changed by pressing the CHAN key and entering new data. 


FWD (forward) — Advance to the next memory location and display the 
contents. 


CHAN (change) — Open the memory location being examined so that 
new data can be entered. 
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MNEMONIC OPCODE DESCRIPTION 


Load Accumulator : 1000 0110, Load the contents of the next memory 
(Immediate} or location into the accumulator. 
86.6 


Add 1000 1011, Add the contents of the next memory 
{Immediate) or location to the present contents of the 
BBix accumulator. Place the sum in the 
accumulator. 


Load Accumulator F 1001 0110, Load the contents of the memory 
(Direct) or location whose address is given by 
96K the next byte into the accumulator. 


Add 1001 1011, Add the contents of the memory location 
(Direct) or whose address is given by the next byte 
9B, to the present contents of the accumulator. 
Place the sum in the accumulator. 


Store Accumulator : 1001 0111, Store the contents of the accumulator in 
(Direct) or the memory location whose address is 
97 5 given by the next byte. 


Halt 0011 1110, Stop all operations. 
(Inherent) or 


SEs 


Clear Accumulator , 0100 1111, Reset all bits in the accumulator 
(Inherent) or to 0. 


4F i, 


Increment 0100 1100, Add 1 to the contents of 
Accumulator or the accumulator. 
(Inherent) 4Cyx 


Decrement 0100 1010, Subtract 1 from the contents of the 
Accumulator or accumulator. 
(Inherent) Ay, 





Figure 5 
Instructions used in Experiment 3. 
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BACK — Go back to the previous memory location and display the 
contents. 


AUTO (automatic) — Open the memory location specified, after this key 
is pressed, so that data can be entered. After data has been entered, 
automatically advance to the next memory location and wait for data. 


SS (single step) — Go to the address specified by the program counter and 
execute the instruction at that address. Wait at the next instruction. 


ACCA (accumulator) — Display the contents of the accumulator when 
this key is pressed. Accumulator contents can be changed by pressing the 
CHAN key and entering new data. 


PC (program counter) — Display the contents of the program counter. 
This points to the next location in memory that the microprocessor will 
“fetch” from. Program counter contents can be changed by pressing the 
CHAN key and entering the new address. 


RESET — Clear any Trainer keyboard commands and display ‘‘CPU UP.” 
Memory contents and microprocessor contents are not disturbed. 


You have access to all of these keyboard commands after the RESET key is 
pressed. 


In this experiment, you will load some simple straight-line programs into 
the Trainer and examine how the microprocessor executes them. In its 
normal mode of operation, the microprocessor executes programs much 
too fast for a person to follow. It can execute hundreds of thousands of 
instructions each second. To allow us to witness the operation of the 
MPU, this high speed operation must be slowed down. The Microproces- 
sor Trainer has a mode of operation that allows us to control the execution 
of single instructions. In this single-step mode, we can look at the con- 
tents of the accumulator, the program counter, and various memory 
locations, after each instruction is executed. In this way, we can follow 
exactly how the computer performs each step of the program. For this 
reason, you will use the single-step mode for most of the programs in this 
experiment. 
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PROCEDURE 


i Switch your Trainer on, and press the RESET key. 


2; Your first program will use the immediate addressing mode to add 
two numbers. Press AUTO and enter starting address 0000. Then 
load the hex contents of the program listed in Figure 6. 


Load accumulator immediately with 


Operand 1. 


Add to accumulator immediately with 





Figure 6 
Addition of two numbers through the 
immediate addressing mode. 


3. Press the RESET key, then examine your program to make sure it 
was properly entered. Always examine your program after it is 
entered. 


4, Press the ACCA key and record the value _ _. This is a random 
number since no data has been loaded. 


5. Press the PC key, then change the contents of the program counter 
to 0000 (the starting address of your program). 


6. Press the SS key. This lets the Trainer execute the first instruction. 
The display should show 00028b. 0002 represents the address of 
the next instruction; 8b is the next instruction. 


7 Press the ACCA key and record the value _ _. The first program 
instruction was LDA, and the next byte contained the data 
(operand) to be loaded, which is 21,,. This should be the value you 
recorded in this step. 
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10. 


11. 


12. 


Press the PC key and record the value____. This value points to the 
next memory location, which should be 0002. 


You may have noted that the address 0002 and instruction 8b were 
displayed when you first pressed the SS key. This would seem to 
indicate that 8b was already fetched and the program counter 
should point to address 0003. However, the control program allows 
the Trainer to “look” at the next instruction. 


Press the SS key and record the value — ~~ _ _ _. The second 
instruction has been executed and the display should show the 
next instruction and its address. 


Press the ACCA key and record the value _ _. The second operand 
has been added to the first operand and the sum is stored in the 
accumulator. 


Press the SS key. Note that the display does not change. This is 
because the next instruction was a halt instruction (3E,.). The 
Trainer is preprogrammed to stop at a halt instruction. It also loses 
control of the single-step function when the halt instruction is 
implemented. 


Enter the program (HEX contents) listed in Figure 7. Then examine 
the program to make sure it is properly entered. 


HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS | CONTENTS 


Load accumulator direct with 
operand 1 which is stored at this address. 
Add to accumulator direct with operand 2 


which is stored at this address. 
Store the sum 

at this address. 

Stop. 

Operand 1. 

Operand 2. 

Reserved for sum. 





Figure 7 
Additional of two numbers through the 
direct addressing mode. 


ee ee, | 


13. 


14. 


15. 


16. 


17. 


18. 


19, 


Press the ACCA key and record the value _ _. This is the value 
obtained in the previous program, a value you entered prior to this 
program, or a random value produced when you plugged in the 
Trainer. 


Enter the program starting address into the program counter and 
single-step through the program. Record the specified information 
after each step. 


Step 1 display ___~~_-. 
ACCA . -. 
Step 2 display — _— ~~ _. 
AGGA.. =. 
Step 3 display ____ __. 
ACCA_ -. 


Examine address 0009. Its value is __. This value should be identi- 
cal to the value now stored in the ACCA. 


Now compare your recorded data with the program in Figure 7. 
This will give you a general picture of how the microprocessor uses 
various instructions and data to perform a desired function. 


Change the data in the ACCA and at address 0009 to FF, then 
execute the program with the DO key. This is done by depressing 
the DO key and then entering the address of the first instruction 
(0000). This allows the MPU to execute the program at its normal 
speed. After the program runs, you must press RESET to return 
control to the keyboard. 


The data in the ACCA is _ _ and the data in address 0009 is _ _. 
These should be the same and equal to the sum of the two operands. 


The program counter contains the address _ _ _ _. This should be 
the address of the next memory location after the HLT instruction. 
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20. 


Now write a program of your own. Using the direct addressing 
mode, write a program that will multiply 4 times 4, by adding 4 to 
itself in three consecutive steps. The final answer should be held in 
the accumulator. After you write your program, enter it into the 
Trainer and execute it. Keep trying until it produces a final result of 
10,, (which is 16,9) in the accumulator. 


One solution to the problem is shown in Figure 8. Yours should be 
similar, although not necessarily identical. 


HEX HEX MNEMONICS/DECIMAL COMMENTS 
ADDRESS | CONTENTS CONTENTS 
0000 96 





21. 


Load accumulator direct with 


operand 1 which is stored at this address. 
Add to accumulator direct with 
operand 1 which is stored at this address. 


Add to accumulator direct with 

operand 1 which is stored at this address. 
Add to accumulator direct with 

operand 1 which is stored at this address. 
Stop. 

Operand 1. 


Figure 8 
Multiplication of a number by another 
through multiple addition in the direct 

addressing mode. 


Load the program shown in Figure 8 into the Trainer. Enter the 
program starting address into the program counter and single-step 
through the program. Record the specified information after each 
step. 


Step 1 display _____ — ACCA: = 
Step 2 display ______. ACEA .. .. 
Step 3 display ___ _~__. AGCA 


Step 4 display __ _____. ACCA -_ -. 
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22. According to the microprocessor, the product of 4,, times 446 
iS — —45. 


23. Now that you are becoming acquainted with the instructions de- 
scribed in Unit 2, examine the three instructions introduced in this 
Experiment. Enter the program listed in Figure 9. 


HEX HEX COMMENTS 
ADDRESS | CONTENTS 
4F 


Clear accumulator. 
97 Store the contents 
OA at this address. 







MNEMONICS/ 
CONTENTS 

















Increment accumulator. 
Store the contents 

at this address. 
Decrement accumulator. 
Store the contents 
at this address. 
Stop. 

Reserved for data. 
Reserved for data. 
Reserved for data. 












Figure 9 
Implementation of the Clear, Increment, 
and Decrement instructions. 


24. Set the program counter to 0000 and single-step through the prog- 
ram. Record the specified information after each step. 


Step 1 display ____~__. ACCA _.., 
Step 2 display. = <i. cc. ACCA .. _. 
Step 3 display ____ __. ACCA — xe 
Step 4 display ____~_-. ACCA _ -_. 
Step 5 display _____~_-. AGGA: = = 


Step 6 display ______. 
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25. Compare your accumulated data with the program in Figure 9. 
Note that when op codes 4F,, 4C,,, and 4A,, are executed, the 
single-step display advances only one address location. This is 
because of their inherent addressing mode; immediate and direct 
addressing modes require two locations in memory. 


26. Shown below is a program to swap the contents of two memory 
locations. Now examine the process using the Trainer. Enter the 
program listed in Figure 10. 


HEX HEX COMMENTS 
ADDRESS } CONTENTS 
96 


Load accumulator direct with operand 1 
10 


97 
12 
96 
11 
97 
10 
96 
12 
97 
11 
4F 
97 
12 







MNEMONICS/ 
CONTENTS 








stored at this address. 






Store operand 1 

at this address. 

Load accumuiator direct with operand 2 
stored at this address. 

Store operand 2 





































at this address. 





Load accumulator direct with operand 1 
stored at this address. 
Store operand 1 

at this address. 

Clear the accumulator. 
Store the contents 
at this address. 












































3E Stop. 
AA Operand 1. 
BB Operand 2. 





00 Temporary storage. 


Figure 10 
Data transfer between two addresses. 
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27. Set the program counter to starting address 0000 and single-step 
through the program. Record the specified information after each 


step. 
Step 1 display ____-~-. ACCA =.=: 
Step 2 display ____-~-. ACCA ~_ _. 
Step 3 display ______. ACCA _ _. 
Step 4 display ____~__. ACCA _ _. 
Step 5 display ____~-. ACCA =: 
Step 6 display ____-_~-. ACCA _ _. 
Step 7 display __ —~— ~~. ACCA ~_ _. 
Step 8 display ___~~—-. ACCA _ _. 


28. Examine address: 
0010 _ _. 
0011 _ _. 
0012 _ _. 


29. Compare your accumulated data with the program in Figure 10. 
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30. Nowyou will examine some common programming pitfalls. With- 
out modifying the previous program, except as directed in Figure 
11, enter the program listed in Figure 11. 





MNEMONICS/ COMMENTS 
inne Souris CONTENTS 


Figure 11 


Storing data at an address in the program. 





Load accumulator immediately with 
operand 1. 






Store operand 1 
at this address. 
Decrement accumulator 
Stop. 









31. Set the program counter to 0000 and single-step through the pro- 
gram. Record the specified information after each step. 


Step 1 display 
Step 2 display 
Step 3 display 
Step 4 display 
Step 5 display 
Step 6 display 
Step 7 display 
Step 8 display 


Step 9 display 


ACCA oo. 


ACCA ~ -. 


ACCA wou 


ACCA ~~. 


ACCA <5 


ACCA _ -. 


ACCA _ _. 


ACCA 223 


ACCA -_ -. 


a 35 


32. Compare your accumulated data with the program in Figure 11. 
Note that the data in the accumulator (operand 1) has been stored at 
address 0005. This removed the HLT instruction and allowed the 
microprocessor to continue executing any valid instructions in 
memory. In this case, the remaining unaltered instructions from 
the previous program are used. When you write a program, make 
sure you do not store data at an address that contains a needed 
instruction or data. 


33. Using the data you accumulated in step 31 of this experiment, plus 
the programs listed in Figures 10 and 11, determine the contents of 
address: 

0010 _ _. 

0011 _ _. 

0012 _ _. 

34. Now examine the Trainer contents at address: 

0010 _ _. 

0011 __. 

0012 _ _. 
Your estimated data from step 33, and the actual contents should be 
identical. If they are not, re-examine your calculations and the 
contents of each memory location from 0000 to 0012. You might 


have inadvertently modified the contents of an address in the 
previous steps. 
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35. Without modifying the previous program, except as directed in 
Figure 12, enter the program listed in Figure 12. 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS CONTENTS 
86 Load accumulator immediately with 


40 operand 1. 
8B Add to accumulator immediately with 


OA operand 2. 

97 Store the sum 

07 at this address. 
4F Clear accumulator. 
00 Reserved for data. 





Figure 12 
Addition of two numbers with immediate 
addressing. 


36. Set the program counter to 0000 and single-step through the prog- 
ram. Record the specified information after each step. 


Step 1 display _ __ ~~~. ACCA =: 
Step 2 display ____~_-. ACCA ~_ _. 
Step 3 display _ __ ~~ L. ACCA ~_ -. 
Step 4 display _ ~~~ ~~. AGCA —._. 
Step 5 display ______. ACCA _-_. 
Step 6 display _ _ _ ~~~. ACCA —. 
Step 7 display ____-—_-. ACCA . —. 
Step 8 display _ __ _ __. AGCA. £55 


Step 9 display ____ __. ACCA 2.5. 
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37. Compare your accumulated data with the program in Figure 12. 
Note that the Trainer executed the instructions beyond address 
0007. This occurred because there was no halt instruction in the 
program. Always end your program with a halt instruction. If you 
don’t, the microprocessor will try to execute all of the information 
contained in memory, thinking it is part of the program. In the 
process, the program you entered may get modified. 


38. This final programming pitfall illustrates a problem almost every- 
body experiences. Enter the program listed in Figure 13. 


HEX HEX COMMENTS 
ADDRESS | CONTENTS 
0000 96 


Load accumulator direct with 

0001 operand 1 stored at this address. 
0002 Add to accumulator direct with 
operand 1 stored at this address. 
Add to accumulator direct with 
operand 1 stored at this address. 
Stop. 
Operand 1. 






MNEMONICS/ 
CONTENTS 










Figure 13 


Multiplication of two numbers using suc- 


cessive addition in the direct addressing 
mode. 


39. Set the program counter to 0000 and single-step through the pro- 
gram. Record the specified information after each step. 


Step 1 display ____ __. AGGA — =. 
Step 2 display ___~___. ACCA... -. 
Step 3 display ___~ __. ACCA _ -. 


40. Compare your accumulated data with the program in Figure 13. 
The program should have added 05 three times (5 x 3) for the 
answer OF. The Trainer indicates the answer is 13. This discrep- 
ancy occurred because the program contains the wrong addressing 
mode op code for the ADD function. It should be 9B rather than 8B. 
Return to Figure 13 and change the two ADD op codes to 9B so the 
program will be correct. 


3/7 
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41. In Unit 2, you were shown that RAM (random access memory) was 
a read/write type memory, while ROM (read only memory) is a 
preprogrammed memory that can only be read and not written into. 
To examine these memory types, enter FF at address 0000 through 
OOOF. 


42. Examine the following memory locations and write down the con- 
tents next to each address. Use the first data column for each 
address. You will use the second column later. 


ADDRESS DATA DATA ADDRESS DATA DATA 
0000 ue a FDOO ae es 
0001 ene 2 FDO1 ies ite 
0002 = oe FD02 we en 
0003 he Sy FDO3 = mare 
0004 ate a FDO4 mee oe 
0005 ook ae FDO5 sae oe 
0006 ot athe FDO6 a bs 
0007 ies ae FD0O7 = = 
0008 are Suet FDO8 — a 
0009 aes ae FDO9 Ske eh 
000A =o = FDOA Zoic ai 
000B Lee 2 FDOB ae =2 
000C == a FDOC ae Bi 
000D Ss a2 FDOD —_ ay 
O0O0E a ete FDOE aie eeu 
OO0F ae as FDOF oe apa 


43. Turn the Trainer power off, then unplug the line cord. Wait twenty 
seconds, then plug in the line cord and turn on the Trainer. 


| 


44. 


Examine the memory locations listed in step 42, and write down 
the contents next to each address, in the second data column. 
Compare the two sets of data. Notice the data obtained at address 
0000 through 000F changed when all Trainer power was removed. 
However, the data at address FD00 through FDOF is unchanged. 
Address 0000 is RAM, while address FD00 is ROM. Memory is lost 
from RAM when power is removed. When power is reapplied, 
random data will appear in the memory. 


Enter FF at address FDO0O through FDOF. Now examine address 
FDOO through FDOF. Notice the data is identical to that obtained in 
step 42. This shows that ROM can not be written into. You can send 
data down the data bus, but the memory will not accept it. 


SUGGESTION: Use the nine instructions presented and write a few 
sample programs of your own. It’s quite simple and can be great fun. 
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Experiment 4 


Arithmetic and Logic 
Instructions 


OBJECTIVES: 


To present seven new instructions and use them in simple 
programs. 


To demonstrate 2’s complement conversion. 
To demonstrate binary subtraction. 
To demonstrate binary addition of signed numbers. 


To demonstrate logical manipulation of data using the AND 
and OR instructions. 


INTRODUCTION 


In Experiment 3, you used nine instructions to write various programs. 
These instructions were: 


MNEMONIC OP CODE ADDRESSING MODE 


LDA 8616 Immediate 
LDA 9616 Direct 
ADD BBs Immediate 
ADD 9Bie Direct 
STA 97 16 Direct 
CLRA 4F 16 Inherent 
INCA 4Cy, Inherent 
DECA 4Ay5 Inherent 


HLT 3E.e Inherent 
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Seven new instructions are presented in this experiment. Each is listed in 
Figure 14. 


Unit 3 examined the process of binary arithmetic, 2’s complement arith- 
metic, signed number addition, and Boolean logic. Through sample 
programs, this experiment will illustrate some of the operations pre- 
sented in Unit 3. 


| NAME MNEMONIC OPCODE DESCRIPTION 


Complement 2’s NEGA 0100 0000, Replace the contents of the accumulator 
or Negate or with its complement plus 1. 
(Inherent) 40), 


Subtract 1000 0000, Subtract the contents of the next 
(Immediate) or memory location from the contents 
8046 of the accumulator. Place the 
difference in the accumulator. 


Subtract 1001 0000, Subtract the contents of the memory 
(Direct) or location whose address is given 
9016 by the next byte from the present 
contents of the accumulator. Place 
the difference in the accumulator. 


AND 1000 0100, Perform the logical AND between 
(Immediate) or the contents of the accumulator 
8416 and the contents of the next memory 
location. Place the result in the accumulator. 


1001 0100, Perform the logical AND between 
or the contents of the accumulator and 
9416 the contents of the memory location whose 
address is given by the next 
byte. Place the result in the accumulator. 


OR, Inclusive 1000 1010, Perform the logical OR between the 
(Immediate) or contents of the accumulator and 
BA. the contents of the next memory location. 
Place the result in the accumulator. 


OR, Inclusive 1001 1010, Perform the logical OR between the 
(Direct) or contents of the accumulator and the 
9Ais contents of the memory location whose 
address is given by the next byte. 
Place the result in the accumulator. 





Figure 14 
Instructions introduced in this experiment. 
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PROCEDURE 


1. ‘In the first part of the experiment, you will determine how the 
microprocessor represents negative and positive numbers. The 
program shown in Figure 15 loads a positive number into the 
accumulator and then repeatedly decrements the number until it is 
negative. Enter this program into the Trainer. Verify that you en- 
tered it properly by examining each address. 


2. Go to the single-step mode by: pressing the PC key; pressing the 
CHAN key; and entering the starting address (0000). Single-step 
through the program by repeatedly pressing the SS key. Notice that 
the first instruction places +5,) in the accumulator. Refer to Figure 
16 and record the contents of the accumulator (in both hexadecimal 
and binary) after each DECA instruction is executed. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load accumulator immediate 
with 05. 


Repeatedly decrement 
the accumulator. 





Figure 15 
This program decrements the contents of 
the accumulator from +5 to —8. 
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3.  _Instep 7, the number in the accumulator changed from 0 to-1. The 
microprocessor expresses —1 aS __,, Of _______ -2. The table you 
have developed in Figure 16 shows how the microprocessor ex- 
presses the signed number from + 5 to —5 in both hexadecimal and 
binary. The next program will add signed numbers like these. 


CONTENTS OF ACCUMULATOR 
AFTER 
STEP DECIMAL HEXADECIMAL 





BINARY 








0000 0101 






POW OnN OO & Wh Pr 


Pe 


1111 1011 


Figure 16 
Record results here. 


4. Enter the program shown in Figure 17. Use the single step mode to 
execute the program. What number is in the accumulator after the 
first instruction is executed? _ _,, or _______ ~2. What signed 
decimal number does this represent? 


Load accumulator immediate 
with +5. 


Add immediate 
-5. 
Add immediate 
-—4 





Figure 17 
Adding signed numbers. 
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5. What number is in the accumulator after the second instruction is 
executed? _ _., or__-_§____— 2. What decimal number does this 
represent? 

6. What number is in the accumulator after the third instruction is 
executed? _ _,,0r_-______~ 2. What signed decimal number does 


this represent? 


DISCUSSION 


These very simple examples illustrate how the microprocessor repre- 
sents signed numbers. Further experiments will show that the micro- 
processor can represent signed numbers between +127,) and —128,o. 
You could determine the bit pattern for each negative number by clearing 
the accumulator and decrementing the required number of times. How- 
ever, there are much simpler ways of determining the proper bit pattern 
for negative numbers. 


The simplest way is to start with the positive binary equivalent and take 
the two’s complement by changing all 0’s to 1’s and 1’s to 0’s and adding 
1. The microprocessor has an instruction that will do this for us. It is 
called the two’s complement or Negate instruction. Its mnemonic is 
NEGA. This instruction changes the number in the accumulator to its 
two’s complement. It is used to change the sign of a number. 


Ex 


periment 4 
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10. 


11. 


12. 


PROCEDURE (Continued) 


Load the program shown in Figure 18. Use the single-step mode to 
execute the program. Execute the first instruction by depressing 
the SS key. What number is in the accumulator? _ _,,. or 
What signed decimal number does this represent? 


Execute the second instruction. What number is in the ac- 
cumulator?__j,or_—______ ». What signed decimal number does 
this represent? _____. Compare this with the number in step 7. 
What affect did the NEGA instruction have? 


Load accumulator immediate 
with +5. 
Change the number to —5. 


Change it back to +5. 
Decrement the number to +4. 
Change the number to —4. 
Change it back to +4. 

Halt 


Figure 18 
Using the NEGA instruction. 


Execute the third instruction. What number is in the accumulator? 
EOP et acco peas 2. What signed decimal number does this 
represent? _______. Is your answer the same as that found in step 
7? 


Execute the fourth instruction. This decrements the accumulator so 
that it now contains the signed decimal number 


Execute the fifth instruction. What number is in the accumulator? 
Se pCR eA a He 2. What signed decimal number does this 
represent? 


Execute the sixth instruction. The number in the accumulator is 
— yg ONCe more. 


eriaiseanie ee 47 


DISCUSSION 


The program used the NEGA instruction four times. The first time, the 
NEGA instruction changed 05,, to its two’s complement FB,,. Referring 
back to the table you developed in Figure 16, this is the representation for 
—5,). Thus, the NEGA instruction effectively changes the sign of the 
number in the accumulator. The next step proved this again by convert- 
ing —5,) back to +5,). To further emphasize the point, the number was 
decremented to +4,,. The next NEGA instruction changed this to FC,, 
which is the representation for ~4,). The final NEGA instruction converts 
this back to +4,). This instruction allows us to convert a positive number 
to its negative equivalent and vice versa. 


In Unit 3, you learned that the MPU can work with signed numbers in the 
range of +127) to —128,) or unsigned numbers in the range of 0 to 2554p. 
This capability results from the way we interpret bit patterns. The follow- 
ing steps will demonstrate this. 


PROCEDURE (Continued) 


13. Figure 19 shows a program for adding the unsigned numbers 220, 
and 27,9. Load this program into the Trainer and execute it. The 
final result in the accumulator is — _., or... — 2. What 
unsigned decimal number does this represent? 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


86 Load accumulator immediate 
with 220). 

Add immediate 

27s). 
Halt. 








Figure 19 
Adding unsigned numbers, 
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14, Figure 20 shows a program for adding the signed numbers —36,) 
and 27,9. Load and execute this program. The final result in the 
accumulator is _ _,, or _______ _ 2. What signed decimal number 
does this represent? 


15. Compare the results obtained in steps 13 and 14. Compare the HEX 
Contents columns of Figure 19 with that of Figure 20. 


HEX MNEMONICS/ COMMENTS 
ADDRESS cours CONTENTS 


Load accumulator immediate 







with —36j4 
Add immediate 
+271 


Halt. 






Figure 20 
Adding signed numbers. 


DISCUSSION 


This demonstrates that the MPU simply adds bit patterns. It is our in- 
terpretation of these patterns that decide whether we are using signed or 
unsigned numbers. After all, the two programs are identical except for 
our interpretation of the input and output data. 


Negative numbers are often encountered when performing subtract oper- 
ations. The subtract instruction was shown earlier in Figure 14. Either 
immediate or direct addressing can be used. 
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PROCEDURE (Continued) 


16. Load the program shown in Figure 21. Execute the program using 
the single-step mode. What is the number in the accumulator after 
the first subtract instruction is executed? — _,, or ______~_— —». OF — 


—10° 


17. What is the number in the accumulator after the second subtract 
instruction is executed? __,, or. 2. What signed decimal 
number does this represent? 


Load accumulator immediate 
with 47 10. 


Subtract immediate 
16,0 
Subtract immediate 
35,0 
Halt 





Figure 21 
Using the subtract instruction. 
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DISCUSSION 


The first subtract instruction subtracted 16,, from 47, leaving 31,9. The 
second one subtracted 35,) from 31,9. This produced a result of —4yp. 
However, the MPU expressed —4 in two’s complement form (FC,, or 1111 
1100,). You will find this to be the case anytime the MPU produces a 
negative result. 


Now let’s look at some of the logical instructions available to the microp- 
rocessor. The AND and OR instructions are described in Figure 14. 
Carefully read the description of these instructions given there. While 
these instructions have many uses, we will demonstrate only one here. 
Earlier you learned that certain peripheral devices communicate with 
computers using the ASCII code. Thus, when the “2” key ona teletypew- 
riter is pushed, the computer receives the ASCII code for 2, which is 0011 
0010. The ASCII code for 6 is 0011 0110. Notice that the four least 
significant bits of the ASCII character are the binary value of the corres- 
ponding numeral. Thus, we can convert the ASCII characters for the 
numerals 0 through 9to binary simply by setting the four most significant 
bits to 0’s. Likewise, we can convert the binary numbers 0000 0000 


through 0000 1001 to ASCII by changing the four mos significant bits to 
0011. 
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PROCEDURE (Continued) 


18. Load the program shown in Figure 22. Single-step through the first 
instruction. The number in the accumulator is__ —___ ~~ mee 


19. Execute the second instruction. This AND’s the contents of the 
accumulator with the ‘mask’ _~_______. The number in the 
accumulator after this AND operation is________ 2. Compare this 
with the number that was in the accumulator in step 18. Compare 
both numbers with the mask. A 1 in the original number is retained 
only if there is a________ in the corresponding bit position of the 
mask. 


20. Execute the third instruction. In what memory location is the 
number in the accumulator stored? ______,,. What number is 
now inthe accumulator? __._-_._»_»_ 2. Does the number still appear 
in the accumulator after being stored in memory? 


Load the accumulator with 

the ASCII character at this address. 
AND it with 

this ‘‘mask’’. 

Store the binary equivalent 

at this address. 


OR the number with 
this ‘‘mask”’. 

Store the result 
here. 


Stop 
0011 0111 ASCII character for numeral 7. 
= Reserved 
— Reserved 





Figure 22 
Using the AND and OR instruction. 
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21. 


22. 


23. 


Execute the fourth instruction. This OR’s the contents of the ac- 
cumulator with the “mask” ____~__~— — 2. The number in the 
accumulator is______~—~ 2. Compare this with the mask and the 
number that was in the accumulator in step 20. A 1 is produced in 
the result whenever there is a _______ in the corresponding bit 
position of either the original number, the mask, or both. 


Execute the fifth instruction. This stores the number in memory 
location ______ 4g. 


Examine memory locations 000B,,, 000C,,, and 000D,, and com- 
pare their contents. 


DISCUSSION 


The program first converts the ASCII code for the number ‘‘7” to the 
binary number 0000 0111. It does this by ANDing the ASCII code with the 
‘tmask”’ 0000 1111,. Notice that a 1 bit in the mask allows the correspond- 
ing bit in the original number to be retained. The four most significant 
bits of the original number are ‘‘masked off’ because they are ANDed 
with 0’s. 


The OR operation restores the ASCII character by attaching 0011 as the 
four most significant bits. 
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Experiment 5 


Program Branches 


OBJECTIVES: 


To manipulate the N, Z, V, and C condition code registers and 
determine the conditions that set and reset these flags. 


To verify the operation of a simple multiply by repeated addi- 
tion program that uses the BEQ conditional branch instruction 
and the BRA instruction. 


To demonstrate the ability to write a program that divides by 
repeated subtraction and uses a conditional branch and BRA 
instruction. 


To introduce a shorthand method of calculating relative ad- 
dresses. 


To verify the operation of a program that converts BCD num- 
bers to their binary equivalent. 


To demonstrate the effect an incorrect relative address can 
have on a program operation and how the microprocessor 
trainer can be used to debug programs. 


INTRODUCTION 


As mentioned previously, conditional branch instructions give the com- 
puter the power to make decisions. As the name implies, a certain condi- 
tion must be met before a branch takes place. The condition code registers 
monitor the accumulator and signal the presence of a specific condition. 
If the MPU encounters a conditional branch instruction, it merely checks 
the condition code registers, or flags, to see if the condition is satisfied. If 
the specific flag is set, the program branches off to another section. If not, 
the normal program continues. 


Therefore, the conditional branch instructions inherit their power from 
these simple condition code registers. A sound knowledge of how these 
flags are set and cleared wil] enhance your ability as a programmer. 
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Figure 23 
Displaying the conditions of the flags. 


Since condition code registers are very important, your Trainer was 
designed with a special key to allow you to examine these flags. The key 
is labelled “C”’ for ‘‘Condition Code.” When this key is pressed, the state 
of the condition code registers will be displayed. Each LED displays the 
contents of one register. The letter just to the right of each LED denotes 
the corresponding register as shown in Figure 23. 


Notice that there are six flag registers. For the moment we aren’t con- 
cerned with the two left-most flags. They will be covered in a later unit. 
However, we are interested in the N, Z, V, and C flags, because they 
indicate conditions that can lead to conditional branches. Notice that the 
flags can either be set as indicated by a 1 or they can be cleared as 
indicated by a 0. 


In this first portion of the experiment, you will implement a ‘‘do- 
nothing” program that manipulates the condition code registers. Then 
single-stepping through the program, you will examine how the ac- 
cumulator changes these flags. 


PROCEDURE 


1. Turn on the Trainer and then press the RESET key. 


2. Now, load the program listed in Figure 24 into the Trainer. Once 
the program is loaded, go back and examine it to insure that it’s 
entered correctly. 


Now look at the first instruction of the program in Figure 24. It has 
the op code 01 and the mnemonic is ‘NOP’. As the comments 
column points out, this is a ‘‘do-nothing”’ type of instruction called 
a “No-Op.” In other words, it performs no operation. In this pro- 
gram, the NOP’s primary function is to allow you to see the first 
instruction before it’s executed. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


“DO Nothing” Instruction 

Load the accumulator immediate 
with FF,.. 

Load the accumulator immediate 
with 771 

Load the accumulator immediate 
with 00,¢. 

Load the accumulator immediate 
with 0144 

Load the accumulator immediate 
with 924. 

Add Immediate 


C615 
Load the accumulator immediate 
with 08 j.. 


Add Immediate 

08.6. 

‘Load the accumulator immediate 
with 01,.. 

Subtract immediate 

0246. 

Load the accumulator immediate 
with 774. 

Subtract immediate 

66 x. 

Load the accumulator immediate 
with 49,,. 

Add immediate 

60,5. 

Load the accumulator immediate 
with 1044. 

Halt. 





Figure 24 
Program to illustrate the condition code 
registers. 


In previous experiments, you probably noticed that when you 
single-stepped through programs, you never saw the first instruc- 
tion. This is because in the “SS” mode, the Trainer executes the 
first instruction automatically and then stops on the second in- 
struction. This can be somewhat confusing. 


To offset this problem, we merely insert the NOP. The Trainer 
“sees” this as the first instruction, although nothing is ac- 
complished by the NOP. Therefore, the Trainer displays the next 
instruction, which is the first ‘‘real’’ instruction of the program, 
permitting you to view it before it’s executed. 


i 
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3. Load the program counter with address 0000 and then press the SS 
key. Recall that the first four displays represent the address that's 
currently in the program counter. The two right-most displays 
show the op code stored at this address. Record the information 


below. 

PG... = 2 OP CODE. = 
Now, press the ACCA key and record the contents of the ac- 
cumulator. 

ACCA _ ~ 


Thecontents of the accumulator wil] be a random number, since we 
haven’t yet executed a program instruction. 


Now, press the CC key and record the contents of the N, Z, V, and C 
condition code registers below. 


NZVC 


Again, the states of the flags are random at this time. 


4. Now, press the SS key and then the ACCA key. Record the contents 
of the accumulator below. 


ACCA _ _ 


Press key CC and record the state of the N flag below. 


N Ie 
<i 
ON 


N 


With the negative number FF,, in the accumulator, the negative (N) 
flag is set. 


woRoPROCESSORE__ Et | of 


5. Press the SS key again. The program count should now be 000544 
and the op code at this address is 86. Now check and record the 
contents of the accumulator and the N flag. 


ACCA ~_ _ 2 ee 


With the positive number 77,, in the accumulator, the N flag is 
cleared, or reset, to 0. 


From the information gathered in steps 4 and 5, what conclusions 
do you reach with respect to the N flag and the contents of the 
accumulator? 


6. Single-step the program again. The program count is now 0007 ,.. 
Record the contents of the accumulator and the condition of the Z 
flag below. 


ACCA _ — Bigs 


With 00,, in the accumulator, the Z flag is set. 


Press SS and again record the contents of the accumulator and the Z 
flag below. 
ACCA _ -_se 
NZVC 


The accumulator now contains 01,, and the Z flag is cleared. What 
is the relation between the contents of the accumulator and the Z, or 
zero flag? 
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7. Single-step again and record the information below. 


NOCR ae 


Zz 
N 
< 
OQ 


This step loads the number 92,, into the accumulator. Bit 7 of the 
accumulator contains a 1, so the N flag is set. Naturally, the Z flag is 
cleared. The next instruction will add C6,, to the contents of the 
accumulator. As shown below, this operation should generate a 


carry. 
1001 0010 = 924, 
1100 0110 = C6, 
0101 1000 = 158, 

1 

CARRY —t 


Press the SS key and record the information below. 


ACCA _ _ eee ee 
NZVC 


The 8-bit accumulator cannot hold the 9-bit sum. However, the 
carry generated by the addition sets the C flag. 


8. This step loads the number 08,, into the accumulator. Press the SS 
key and record the information below. 


ACCA _ _ Sere 
NZVCG 


Notice that loading this new number into the accumulator didn’t 
affect the carry (C) flag. The next step will add 08,, to the contents of 
the accumulator (08,,). 


9, Press the SS key and record the information below. 


ACCA ~_ _ = ahi 
NZVC 
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10. 


1 
Psd 0000 0001 


11. 


The accumulator now contains the sum of the addition (10,.) and 
the carry flag is cleared. 


From the results of steps 8 and 9, you might conclude that the carry 
flag can be cleared by another that does not result ina 
carry. 








Press the SS key. The program count should now be 0013. Record 
the information below. 


ACCA _ _ = ey 


This shows that the accumulator contains 01,, and that the N, Z, 
and C flags are all cleared. When the next instruction is executed, 
the number 02,, will be subtracted from 01,, (the contents of the 
accumulator). As shown below, the subtraction should result in a 
borrow, setting the C flag. 


>= 0146 
0000 0010 = O02, 
1111 #1111 = FFy, 
Notice that the difference is FF... This will _______ the N flag. 


set/clear 


Press the SS key and record the information below. 


ACCA _ _ — Babs 
NZVC 


As expected, the difference produced is FF ,.. Also, the N flag is set, 
indicating a negative number is in the accumulator and the C flag 
indicates a borrow occurred. 


The next step will execute the instruction that loads 77,, into the 
accumulator. After this LDA operation, the C flag will be 


set/cleared 


60 | Programming Experiments MICROPROCESSORS 


12. Press the SS key and record the information below. 


ACCA _ _ ae 


NZVC 


Notice that the C flag is stil] set and that 77,, is in the accumulator. 
Now we will subtract 66,, from the accumulator contents (77). 


Press the SS key and record the information below. 


ACCA _ _ 2. 


NZVC 


The difference (11,,) is now stored in the accumulator and, since no 
borrow is generated, the C flag is cleared. 


13. In this step, the first instruction loads the accumulator with the 
number 49,,. The next instruction adds the number 60, to 49j,. As 
shown below, the addition of these numbers causes an overflow 
into the sign bit (bit 7) and the sum, A9j., appears to be a negative 
number. 





0100 1001 = 49%. 
0110 0000 = 604 
1010 1001 = AM, 


Overflow changes et 
sign bit. 


Of course, this is incorrect and the MPU must be notified of this 
overflow. This is the purpose of the V flag. 
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14. 


Press the SS key and record the information below. 


PGC ks 
NZVC 


The number 49,, is in the accumulator and the N, Z, V, and C flags 
are cleared. 


Single-step once more and then record the information below. 


ACCA. = = = 
NZVC 


The sum AQ,, is now in the accumulator. Notice that the N and V 
flags are set, indicating that the number in the accumulator is 
negative and that an overflow occurred. 


When the next instruction is executed, the number 10,, will be 
loaded into the accumulator. 


Single-step the program and record the information below. Notice 
that the op code 3E (a halt) is the next instruction, so the program is 
finished. 


PGC Rese. alee he 
NZVC 


The accumulator contains the number 10,,, and all flags cleared. 
From this, you might conclude that any instruction that doesn’t 


produce an overflow in the accumulator will ______ the V flag. 
set/clear 


DISCUSSION 


In this portion of the experiment, you stepped through a simple program 
that manipulated the condition code registers. In step 4, the negative 
number FF, was loaded into the accumulator. This set the N flag to 1,. In 
step 5, the positive number 77, was loaded into the accumulator. And, as 
you noted, the N flag was cleared or reset to 0,. From these two steps you 
should have concluded that when the number in the accumulator is 
negative, the N flag is set. And when the accumulator contains a positive 
number, the N flag is cleared. 


In step 6, the accumulator was loaded with 00,,. This set the Z flag to 19. 
Next, when 01,, was loaded, the Z flag was reset or cleared to 0,. Your 
conclusion should have been that when the accumulator contains 00;., 
the Z flag is set. If it contains any number other than 00,,, the Z flag is 
cleared. 


Next, you examined the C flag. When a carry was generated by the 
addition of the two numbers, 92,, and C64, the C flag was set. In step 8, 
you noted that merely loading a new number into the accumulator did 
not clear the C flag. The carry flag was cleared by another addition that 
did not result in a carry. Your conclusion should have been that the C flag 
can only be cleared by an arithmetic operation that does not result in a 
carry. 


As you proved in steps 10 and 11, a subtraction that results in a borrow 
also sets the C flag. Again, the C flag was cleared by an arithmetic 
operation, in this case a subtraction, that did not generate a borrow. 
Therefore, the C flag can only be cleared or reset to 0, by an arithmetic 
operation that does not result in a borrow or carry. 


You concluded this phase of the experiment by adding two positive 
numbers, the sum of which overflowed into the sign bit of the ac- 
cumulator. This set the V or overflow flag, showing that the sum should 
not be a negative number as the N flag indicated. The next LDA instruc- 
tion cleared the V flag. From this, you should conclude that the V flag is 
cleared by any instruction that doesn’t produce an overflow. 


In the next sections of this experiment, you will step through a few 
branching programs that illustrate the use of the branch always (BRA) 
instruction and certain conditional branch instructions. These branch 
instructions were discussed in Unit 4, and you will verify their operation. 
We'll begin with the multiply by repeated addition program. 
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PROCEDURE (Continued) 


15. Enter the program listed in Figure 25 into the Trainer. This prog- 
ram multiplies 05,, and 02,, and stores the product in address 
0013,,. Recheck the program to insure that it’s entered correctly. 


16. This is the same program that you stepped through in Unit 4. 
Notice that the program contains two branch instructions; the BEQ 
(Branch if Equal Zero) at address 0005,,and the BRA (Branch AIl- 
ways) at address 000Ej,. 


The branch if equal zero (BEQ) instruction implies by its name that 
a conditional branch will occur when the _______ flag is set. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Clear the accumulator. 

Store the product 

in location 13 4,. 

Load the accumulator with the 
multiplier from location 124¢. 

If the multiplier is equal to zero, 
branch down to the Halt instruc- 
tion. 

Otherwise, decrement the multip- 
lier. 

Store the new value of the 
multiplier back in location 12,«. 
Load the accumulator with the 
product from location 13,.. 

Add 

the multiplicand to the product. 
Branch back to instruction 

in location 01. 

Halt. 

Multiplicand. 

Multiplier. 

Product. 
























Figure 25 
Program to multiply by repeated addition. 
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17. 


18. 


19. 


Now, set the program counter to 0000 and single-step through the 
program, recording the information in the chart of Figure 26. 
Notice that you will be monitoring the Z flag. A comments column 
is provided so you can make notes about each step. Use the program 
listing as a reference for each op code and the corresponding 
operand. 


When the BEQ instruction is executed and the Z flag is set, the 
program branches to the _______ instruction. 


When the multiplier was 02,,, the program halted on the 
pass through the program. 


If the multiplier is changed to 06,,, how many passes would the 
program make before it halts? 


Examine the contents of address 0013,, and record below. 


0013 _ _. 
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STEP PROGRAM ACCA 


COUNTER 


OPCODE 
FLAG 





NR eR Pe Be PP RIP PB 
CSC OlMOAnN Qu hh Wit KH O10 D®N WON = 


Figure 26 
Single-stepping through the Multiply by 
tepeated addition program. 
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DISCUSSION 


The chart that you completed should be similar to the one shown in 
Figure 27. Compare the charts. 


The first step we don’t see, since it’s executed before the Trainer stops at 
address 0001. Nevertheless, we do see the result of this clear accumulator 
instruction because the accumulator contains 00. When step 1 is exe- 
cuted, 00,. is stored in location 0013,,. Step 2 brings us to address 0003, 
which loads the accumulator with the multiplier, in this example, 02,.. 
The BEQ instruction is next, but the Z flag is cleared so the program 
continues on the normal route. Next the multiplier is decremented to 01 ,, 
and then stored in location 0012,,. Now the product (00,,) is loaded and 
the multiplicand (05,,) is added directly. This produces the new product, 
05,.. Now the program encounters the BRA, or branch always instruction 
and it branches back to address 0001,,. 


Here the new product is stored away and the multiplier is loaded again. 
It’s 01,, this time, so the program continues on through the BEQ instruc- 
tion, the multiplier is decremented to 00,5, and the multiplicand 05,, is 
added to the product. The new product (0A,,) is still in the accumulator. 
Once again, the BRA instruction loops flow back to address 0001,, and 
the product is stored in address 0013 ,. 


The multiplier is now loaded and, since it’s been decremented to 00g, it 
sets the Z flag. The BEQ instruction checks the Z flag, finds that it’s set. 
and branches to the halt instruction at address 0010,,. Therefore, the 
program makes two complete passes, before the multiplier becomes 00... 
On the third pass through, BEQ terminates the program because the Z flag 
is set. 


The multiplier sets the count and determines how many additions will be 
performed. If the multiplier is changed to 06,,, the program will make six 
complete loops, halting on the seventh loop. The BEQ will only be 
satisfied when the multiplier has been reduced to 00. 


All branch instructions use relative addressing. In Unit 4, we discussed 
the method used to calculate the destination address for a branch instruc- 
tion. However, another shorthand type procedure that’s quite popular 
with programmers can be used. With this technique, you simply count in 
hexadecimal. For a forward branch, you begin at 00,, and count up to the 
destination address. 
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ACCA Z COMMENTS 
FLAG 
1 Store the product (00j.) in 
address 0013 4,. 


Load the accumulator with 
the multiplier (02,,) from 
address 0012,,. 


BEQ. Check the Z flag. 
It’s not set so continue. 


























PROGRAM 
COUNTER 


STEP OPCODE 


0001 


© 
N“N 





0003 











EE 






N 
NI 


02 
* 


Multiplier 


0007 4A 02 Decrement the multiplier (02,.). 
0008 9 01 Store the new multiplier (01,.) 












* 
New Multiplier 


at address 0012j¢. 


000A 


Load the accumulator with the 
product (00) at address 0013\.. 
1 Add the multiplicand (05) 
giving new product. 


Branch back to address 


o00C 


4}: 
_ 


05 
t 





0001 ,¢. 





New Product 


0001 Store the product (05,.) in 


address 0013 jg. 







0003 Load the accumulator with 
the multiplier (01,,) located 


at address 0012,¢. 


BEQ. Check Z flag. 
It’s not set so continue. 
Decrement the multiplier (01,.). 


Store the new Multiplier (00,¢) 
at address 0012 j,. 


0005 


N 
o 
- 


-— 


0007 


-_ 


ry _ 
whe = oO N _ 


0008 


wo 


00 
4% 
New Multiplier 


1 





000A Load the accumulator with the 


product (05,,) at address 0013 ,.. 


Add the multiplicand (05,.) 
giving new product. 


000C 


oy 
n 


OA 
t 





Branch back to address 
0001. 


New Product 


be 
NE > “Ni NI XN 





—_ 
“I 


0001 


wo 
NI 


> > 


Store the product (OA,,) in 
address 0013 j«. 


0003 


_ 
Co 


Load the accumulator with the 
multiplier (00,,) from address 0012). 
BEQ. Check the Z flag. 


Now it’s set. Branch to 
address 0010 4q. 


7 







nd 
© 


27 


© 





0010 





w 
ie3) 
Q 


Figure 27 
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MNEMONICS/ 
HEX CONTENTS 


BRA 


2? 


HEX HEX 
ADDRESS CONTENTS 
18 20 










Destination address 


We wish to : 
Branch to here Figure 28 


For example, in the program of Figure 28, we want to branch from address 
18,, to address 24,,. Recall that the relative address is added to the 
contents of the program counter. After the BRA instruction and its 
operand (the relative address) have been fetched, the program counter is 
pointing to address 1A,,. Therefore, we begin our count at address 1Aj,. 
Then we count forward in hex as shown in Figure 29. When we reach the 
destination address, the hexadecimal count is the relative address. In this 
case, it’s OA,,, and we insert this operand at address 19i.. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 


1A 
™ Ori 


~ 


ginating Address 


ys 
on Ww 


ES 


on oO Ww 
np 
o 


> © 
¥¥) 


23 Destination Address 


00 
01 
02 
03 
04 
0 
0 
0 
0 
0 
0 





Relative Figure 29 
Address Branching forward. 
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To branch backward in the program, we simply count down using nega- 
tive hex numbers. It may sound more difficult, but once you are accus- 
tomed to it, you will find it easier to use than the previous method you 
learned. 


For example, in the program shown in Figure 30A, we wish to branch 
back to address 58,,. The BRA instruction, at address 5D,, is fetched and 
the program count points to address 5F,,. Figure 30B shows how we 
calculate the address for this backward branch. We begin with FF ,., and 
count down. When we reach the destination address (58,,), the count at 
that point is the relative address, in this case F9,.. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 
56 —- _ 













57 = — 
A 58 x as ak 
Program Fi Destination = 
branches 59 Address na 
to here A 
5E Originating 
spa Adavecs 
HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 
56 
B 57 
peo me 
Relative aa Destination 


address Address 


Originating 
E x aoe 


Figure 30 
Branching back. 
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Figure 31 shows another example of computing the relative address for a 
larger branch. The branch instruction is at address BO,, and therefore, the 
origination address is B2,,. We calculate the relative address as shown in 
Figure 31B. Starting with FF, at address B1,,, we count down to the 
destination address AOQ,,. As the count indicates, the relative address to 
get to AQi, is EEjg. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 
AO — — 


Me ee Al Destination “= mn 
Address 
here A2 ' — 






Originating 
Address 


Relative 
Address 


Figure 31 
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In the next section of this experiment, you will write a program that will 
divide by repeated subtraction. You will probably have two branches in 
this program; a forward branch and a branch back. Use this new 
technique to calculate the relative addresses for both branches. 


PROCEDURE (Continued) 


20. InUnit4, we discussed a program that divides by repeated subtrac- 
tion. The flow chart for this program is shown in Figure 32. Using 
this flow chart as a guide and the instructions presented in Figure 
33, write a program that divides by repeated subtraction. 


Figure 32 
Flow chart for dividing by repeated sub- 
traction. 









ADDRESSING MODE 
INSTRUCTION MNEMONIC IMMEDIATE DIRECT | RELATIVE | INHERENT 


Load Accumulator 
Clear Accumulator 
Decrement Accumulator 
Increment Accumulator 
Store Accumulator 
Add 
Subtract 
Branch Always 
Branch if Carry Set 
Branch if 

Equal Zero 
Branch if Minus 
Halt 

























Figure 33 


Instructions to be used. 


72 lemme nt epee 


21. 


22. 


Now load the program into the Trainer. Let the dividend be 0B,, 
and the divisor be 05,,. Change the program counter to the starting 
address of your program and single-step through the program, 
recording the information in the chart of Figure 34. 


Examine the contents of the address that stores the dividend and 
the quotient. If you followed the flow chart, the address where the 
dividend is stored should now contain the remainder from the 


division. Record the contents below. 


Remainder 





Quotient 
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STEP PROGRAM OPCODE N 
COUNTER FLAG. 


Figure 34 









COMMENTS 
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DISCUSSION (Continued) 


Now you’ve written a program that incorporates an unconditional branch 
and a conditional branch. Hopefully, you calculated the relative addres- 
ses using the shorthand technique just discussed. Our program for the 
divide by repeated subtraction is listed in Figure 35. If you followed the 
flow chart, your program should be similar to this. 


MNEMONIC/HEX COMMENTS 
nines eaderesrs CONTENTS 


Clear the accumulator. 

Store in the quotient which 

is at address location 13).. 
Load the accumulator with the 
dividend from location 114,. 
Subtract the 

divisor from the dividend. 

If the difference is negative, 
branch down to the Halt 
instruction. 

Otherwise, store the difference 
back in location 11,,. 

Load the accumulator with the 
quotient. 

Increment the quotient by one. 
Branch back to instruction 

in location 01. 

Halt. 

Dividend (11,.). 

Divisor (544). 

Quotient. 





Figure 35 
Dividing by repeated subtraction. 


Notice that we used the BMI (Branch if Minus) conditional branch in- 
struction. Therefore, the N or negative flag will satisfy the branch when 
it’s set. Figure 36 charts our program as we single-stepped through it. 
Since the program subtracts the divisor from the dividend and stores the 
difference as the new dividend, at the conclusion of the program the 
dividend is actually the remainder of the division. When 0B,, is divided 
by 05,., the quotient should be 02,, and the remainder 01,,. 
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COMMENTS 


Store the quotient (00,,) at 
address 0013 ig. 


Load the accumulator with the 
dividend from address 0011 yg. 


Subtract the divisor (05,.) at 
address 0012,, from the accumulator. 
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STEP PROGRAM {| OPCODE 


COUNTER ie 






















0001 


- 
After subtraction 


- 
Quotient after INC 









BMI. Check the N flag. 
It’s not set so continue. 


0007 


Store the difference (06,.) back 
in address 0011 ,. 


0009 


Load the accumulator with the 
quotient {00,,) at address 0013 jg. 


Increment the quotient. 


Branch back to the instruction 
at address 0001 ,,. 


000B 


oooD 





nN 
oO 








0001 Store the quotient (01,,) at 


address 0013 jg. 


Load the accumulator with the 
dividend (06,,) at address 0011,,. 


Subtract the divisor (05,,) at 
address 0012,, from the accumulator. 


0003 


= 
Dividend Now 











= 
» 


eo 
bd 


0007 01 
t 


After Subtraction 



















BMI. Check the N flag. 
It’s not set so continue. 





_ 


0009 Store the difference (01,,) back 


in address 0011 4,. 


Load the accumulator with the 
quotient (01,,) at address 0013 j,. 


Increment the quotient. 


Branch back to the instruction 
at address 0001 j,¢. 


Ps 


000B 


2 


5 


re 
_ e 


ras 


oooD 


P= 


= re} 


02 
+ 





o 





Quotient after INC. 


= 
Negative Number 


N 


Store the quotient (02,,) at 
address 0013 je. 


0001 


Load the accumulator with 
the dividend (01,,) at address 00114,. 


0002 


Subtract the divisor (05,.) at 
address 0012,, from the accumulator. 


BMI. Check the N flag. 
Now it’s set so branch to 
the instruction at address 0010j.. 







0007 





N 


—= _ — — 
_ co w Oo NX w _ 


0010 FC 





Figure 36 
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So far, we’ve used the conditional branch instructions only to exit a loop 
and then halt program execution. However, these branch instructions 
become even more powerful when they are used to “chain” together 
different portions of a program. Figure 37 shows an example of this 
chaining effect. The program starts and runs through the first loop until 
the conditional branch BEQ is satisfied. Then it exits this loop and starts 
another. When the BEQ condition is satisfied in the second loop, another 
exit is performed, and another portion of the program is executed. 


A strategically placed conditional branch at the end of the program can 
cause a branch back to the beginning that will repeat the program again 
and again. In the next portion of this experiment, you will load the 
BCD-to-binary conversion program that you studied earlier. Then you 
will step through the program and watch as the Trainer executes each 
instruction. 


( START ) 


—— 





Figure 37 
Conditional branches can chain together 
portions of a program. 
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PROCEDURE (Continued) 


23. Load the program listed in Figure 38 into the Trainer. The BCD 
number 117, will be converted to binary by this program. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Clear the Accumulator. 

Store 00 

in location 2B. This clears the binary result. 
Load direct into the accumulator 

the hundreds BCD digit. 

If the hundreds digit is zero, branch 
forward to the instruction in location 124. 
Otherwise, decrement the accumulator. 
Store the result as the new 

hundreds BCD digit. 

Load direct into the accumulator 

the binary result. 

Add immediate 

100,, to the binary result. 

Store away the new 

binary result. 

Branch 

back to the instruction in location 03 .. 
Load direct into the accumulator 

the tens BCD digit. 

If the tens BCD digit is zero, branch 
forward to the instruction in location 21,,. 
Otherwise, decrement the accumulator. 
Store the result as the new 

tens BCD digit. 

Load direct into the accumulator 

the binary result. 

Add immediate 

104) to the binary result. 

Store away the new 

binary result. 

Branch 

back to the instruction in location 12,,. 
Load direct into the accumulator 

the binary result. 

Add direct 

the units BCD digit. 

Store away the new 

binary result. 

Halt. 

Hundreds BCD digit. 

Tens BCD digit. 

Units BCD digit. 

Reserved for the binary result. 





Figure 38 
Program for converting BCD to binary. 
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The BEQ instruction is used for the conditional branches in this 
program. This means that MPU will monitor the 


. flag to 
determine if the condition is set. 





24. Now set the program counter to 0000 and single-step through the 
program recording the information in the chart of Figure 39. Notice 


that, at strategic steps, you should stop and answer questions 
before you continue. 


25. What is the hundreds BCD digit at this time? _______ The result is 
now 64,,, which is _______ in the decimal number system. 


Now return to the Trainer and continue stepping through the 
program. 


26. What is the tens BCD digit at this time? 


The result is now 6E,,. This is the equivalent of 
number system. 


in the decimal 





Now return to the Trainer and step through the remainder of the 
program. 


27. Examine address 002B,, and record the result below. 


16 


Convert this number to its decimal equivalent. 


7345 = ————10 
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COMMENTS 


OC 
< 
E 
N 


3] =“ 
~ N 


OSOFr EINE Ot ngorer i ao 


FLAG 


OPCODE 


COUNTER 
Stop! Return to Step 25. 
Stop! Return to step 26. 


EP | PROGRAM 


ST 






o 
N 









oO 
N 





x 
N 


w 
N 


Figure 39 
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DISCUSSION 


Now you've verified the operation of the BCD-to-binary conversion pro- 
gram. The chart that you completed should match the one shown in 
Figure 40. 


Since the BEQ instruction is used for the conditional branches in the 
program, we monitored the Z flag. In this example, the BCD number 117, 
was converted to its binary equivalent 75,,. This program will convert 
BCD numbers as high as 25549, to their binary equivalent. 


The program isn’t as complicated as it might appear. The hundreds and 
tens BCD digits are used to set a count. Each pass through a loop decre- 
ments the BCD digit, or count, and then adds the equivalent hexadecimal 
positional value for that BCD digit. For example, in the hundreds conver- 
sion loop, 64,, is added to the binary result for each hundreds BCD digit. 
Hence, the BCD digit sets the count. Then the count is decremented by 
one and the program loops back and runs through again. When the count 
is zero, that BCD digit has been added the correct number of times and the 
program branches off to another loop. This continues until the program 
halts. 


Stepping through the program, you found that after Step 8, the Trainer 
had completed one loop through the hundreds BCD portion of the pro- 
gram. The count was 00,, and the binary result was 64,., or the binary 
equivalent of 100,). On the next pass through, the program branches to 
the tens BCD loop. 


The first loop through, the tens BCD portion of the program was com- 
pleted at step 18. The binary result was 6E,,, which is the equivalent of 
110,5. The tens BCD digit had been decremented to 00,,. Then all] that 
remained was to add the units BCD digit (07,.) and the conversion 
process was complete. 


You verified the final result by checking the binary result at location 
002B,,. Here you found the hex number 75,,. When you converted this 
number to its decimal equivalent, you found that 75. equals 117». Also, 
if you converted 75,, to binary, you would find the number 0111 0101,, 
which is the (binary) equivalent of 117,), so the program works. 


The most frequent mistake made by programmers when using the branch 
instructions is the improper computation of the relative address. An 
improperly coded relative address not only prevents the program from 
executing properly, but can even wipe out portions of the program. In the 
next section of this experiment, you will witness the result of an incorrect 
relative address and the effect it has on the program. In this example, we 
will use the binary-to-BCD conversion program you studied earlier. 


ieee se 
STEP | PROGRAM j OPCODE ACCA 
COUNTER 
7 Store 00 in address 002B\,. 
0003 Load the accumulator with 
the Hundreds BCD digit (01,.). 


This clears the binary result. 
Hundreds 


BCD— 























BEQ. Check the Z flag. 
It's clear so continue. 
















Hundreds 00 
Digit 


000A Load the accumulator with the 
Binary Result (00,,). 
7 000C 1 Add to the binary result 
64 iu. 
Rinary— 
97 Result 64 Store away the new 
Now binary result. 
Po ft oor Tot Branch back to address 0003,.. 
0003 load the accumulator with the 
Hundreds BCD digit (00). 
11 27 BEQ. Check the 7, flag. 
It’s set so branch to address: 0012. 
l.oad the accumulator with the 
tens BCD digit (01,4). 
13 27 BEQ. Check the 7. flag. 
It's clear so continue. 


ee a Lot Jo Decrement the tens BCD digit (01 


pf ow 
1 f.oad the accumulator with 
the binary result (64,,). 
New 
| 97 Binary— Store away the new binary 
Result result. 
Ts a eT 
Load the accumulator with the 
tens BCD digit (00). 
BEQ. Check the Z flag. 
It's set so branch to address 0021 x. 


Load the accumulator with the 
binary result (6E,,). 


Add the units BCD digit (07,,). 


Store the new Hundreds Digit (00). 




















Store the new tens BCD digit. 












Figure 40 
Single-stepping through the BCD-to- 


binary conversion program. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENT: CONTENTS 


Clear the accumulator. 

Store 00 

in location 002B,.. This clears the hundreds digit. 
Store 00. 

in location 002C,,. This clears the tens digit. 

Store 00. 

in location 002D,.. This clears the units digit. 
Load direct into the accumulator 

the binary number to be converted. 

Subtract immediate 

100)¢. 

If a borrow occurred, branch 

forward to the instruction in location 0016,,. 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct into the accumulator 

the hundreds digit of the BCD result. 
Increment the hundreds digit. 

Store the hundreds digit 

back where it came from. 

Branch 

back to the instruction at address 0007,,. 

Load direct into the accumulator 

the binary number. 

Subtract immediate 

1046. 

If a borrow occurred, branch 

forward to the instruction in location 0025,,. 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct into the accumulator 

the tens digit. 

Increment the tens digit. 

Store the tens digit. 

back where it came from. 

Branch 

back to the instruction at address 0016 ,.. 

Load direct into the accumulator 

the binary number. 

Store it in 

the units digit. 

Halt. 

Place binary number to be converted at this address. 
Hundreds digit 
Tens digit 
Units digit 





| Reserved for 
| BCD result. 





Figure 41 
A program with an incorrect relative address. 
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PROCEDURE (Continued) 


28. Load the program listed in Figure 41 into the Trainer. This program 
should convert the binary number 0111 0101, (75,.) into its BCD 
equivalent. However, one of the relative addresses is incorrect. Part 
of this exercise is to locate the incorrect relative address and correct 
it. 


29. Now set the program counter to 0000 and single-step through the 
program. Record the results in the chart of Figure 42. Notice that 
we're monitoring the carry (C) flag because the program uses the 
BCS (Branch if Carry Set) instruction. 


STEP | PROGRAM OPCODE ACCA Cc COMMENTS 
COUNTER FLAG 








Figure 42 
Single-Stepping through the binary-to- 
BCD conversion program. 
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30. Examine addresses 002B,¢, 002C,,, and 002D,,; record the results 


below. 

002B ______ Hundreds BCD Digit 
002C __.____ Tens BCD Digit 
002D __ +. Units BCD Digit 


Obviously, there is something wrong with the program. Although 
the hundreds and tens digits are believable, the units digit of 11 is 
impossible. Remember, a decimal number can only have a units 
digit of from 0 to 9yp. 


31. Use the program listing and the chart that you’ve compiled and 
locate the error in the program. Then record the address of the 
instruction below. 


HINT: The problem is with the relative address for one of the 
branch instructions. When one of these addresses is incorrect, the 
program branches to the wrong address, possibly skipping por- 
tions of the program. Therefore, first determine the portions of the 
program that produced the wrong result and work back until you 
find the problem. 


Address ___.____ Incorrect Relative Address __ __ 


32. Now calculate the correct relative address (operand) and record it 
below. 


Correct Relative Address __ _. 
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DISCUSSION 


This exercise should have demonstrated the versatility of your Trainer to 
assist you in “debugging” programs. When you examined addresses 
002B,., 002C,,, and 002D,., you found these results. 


002B O 1 Hundreds BCD Digit 


oozC O O Tens BCD Digit 


002D 1 1 Units BCD Digit 


Obviously, the units BCD digit is incorrect. Since the units digit is wrong, 
we begin to debug at this portion of the program. This happens to be the 
least complex section of the program because the binary number is 
simply loaded into the accumulator and stored in address 002D,,.. Com- 
paring the chart that you compiled against the program listing, we find 
that this portion of the program seems to be executing correctly. 
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Therefore, we move back to the tens BCD digit portion of the program. 
Checking the program listing, we find that the tens BCD portion of the 
program begins at address 0016,,. But as the chart in Figure 43 shows, 
when the program is single-stepped the tens BCD digit loop actually 
starts at address 0017,,. This is the wrong address. We find the problem 
when we move back to step 14 of the chart. This is the BCS (Branch if 
Carry Set) instruction at address 000B,,. However, instead of branching to 
address 0016,, as the comments column suggests, the program goes to 
address 0017,,. Therefore, the relative address at address 000C,, must be 
incorrect. When we check this relative address, we find that it should be 
09,,, instead of OAj,. 


But, how did this incorrect operand affect the program? Following the 
chart in Figure 43, we find that the hundreds BCD portion of the program 
worked correctly. On the second loop through this portion of the prog- 
ram, the subtraction resulted in a borrow and the C flag was set. Hence, 
the BCD instruction produced the desired branch. 


But, instead of branching to address 0016,,, where we would have found 
a load accumulator instruction (96,.) with an operand of 2A,., the pro- 
gram branches to address 0017,.. The Trainer now interprets the operand 
(2A,.) as an instruction or op code. The op code 2A, as you may recall, 
represents a valid instruction which is “Branch if Plus.” The MPU checks 
the N flag and finds it set, because at this time, the negative number AD,, 
-is in the accumulator. Therefore, the condition is not satisfied, and the 
Trainer continues on to the next instruction. 


Single-stepping again (now we are at step 16) the next op code is OA. 
Actually, this should be the operand for the subtract instruction at ad- 
dress 0018,,. But since we are off by one, it appears to be the op code. The 
Trainer checks the op code OA and finds that it’s an inherent instruction 
to “clear the overflow flag.” It executes this instruction. 


Step 17 finds the program at address 001A,,. Here, we encounter another 
BCS conditional branch instruction. The C flag is still set so we branch to 
address 0025,,. The program works properly from this point on. 


Therefore, this one incorrect relative address caused the program to skip 
the tens BCD portion of the program. The tens unit was never subtracted, 
so it carried over into the units BCD digit. This produced the wrong units 
digit of 114o. 
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STEP | PROGRAM OPCODE COMMENTS 


COUNTER 


ACCA 
FLAG 





Store 00 in Hundreds Digit. 


Store 00 in tens Digit. 


Store 00 in units Digit. 


Load the accumulator with 
the Binary number (75,,). 


Subtract 64,, from accumulator 


1 BCS. Check C flag for borrow. 


It’s clear so continue. 


1 Store away the new binary 


number. 


Load the accumulator with the 
Hundreds Digit (00). 


Increment the Hundreds Digit. 


97 
4C 
97 


0 Store the Hundreds Digit. 


te DOS ge 
es 
ra 
Ot ta 
a ee 
| POG 3 | Branch back to address 00074. 


Load the accumulator with the 
Binary Number (11,¢). 


0 
| _AD 


AD It’s set so branch to address 0016,,. 


Te] ms [~ [»]:] 


5 
1 
1 
11 
1 
1 
1 
1 


Subtract 64,, from accumulator. 
BCS. Check C Flag for borrow. 









BCS. Check C Flag. 
It’s still set so branch to 
address 0025,.. 








Load the accumulator with 









the Binary number. 


Pep om f= f)utofm | 


Figure 43 
Locating the incorrect relative address. 








PROCEDURE (Continued) 


33. Now change the operand at address 000C,, from OA,, to 094,. 


34. Also change the number at address 002A,, to 75,.. This is the 
number that the program will convert to its BCD equivalent. 


35. Reset the program counter to 0000 and single-step through the 
program comparing the program listing with the results that you 
obtain. 


36. Examine the addresses listed below and record the information 


stored there. 
002B __. _— Hundreds BCD Digit 
002C¢) _ Tens BCD Digit 
002D __ _— Units BCD Digit 


Is this the correct BCD representation for the number 75,.? 





DISCUSSION 


When the program is corrected by inserting the relative address (09,,) at 
address 000C,., we find that it works perfectly. After single-stepping 
through the program, we examine the BCD digits stored at addresses 
002B,., 002C,., and 002D,,. The hundreds digit is 01,9, the tens digit is 
01,9, and the units digit is 07,5. Therefore, the BCD equivalent of the 
binary number 0111 0101, (75,6) is 11749. 
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Experiment 6 


Additional Instructions 


OBJECTIVES: 


To verify the operation of the ADC instruction when used 
in a multiple-precision addition program. 


To investigate the hazard of using the ADC instruction 
when a carry is not desired. 


To demonstrate your ability to write a multiple-precision 
subtraction program using the SBC instruction. 


To demonstrate your ability to write a routine that will 
multiply any 4-bit binary number times 16,) using the 
ASLA instruction. 


To verify the operation of a BCD packing program that 
uses the ASLA instruction. 


To verify the operation of the DAA instruction when used 
in a BCD multiple-precision addition program. 
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INTRODUCTION 


One of the measures of a microprocessor’s power is the size of the 
instruction set. In other words, more instructions generally mean more 
potential power. You saw the economy that resulted with the addition of 
branch instructions in the previous experiment. In this experiment, we 
will examine four additional instructions; the ADC or add with carry, the 
SBC or subtract with carry, the ASLA or arithmetic shift accumulator left, 
and the DAA or decimal adjust accumulator. 


The discussion in Unit 4 explained the purpose of each instruction. In 
this experiment, we will restrict our activity to verifying that each in- 
struction works as explained. 


In the previous experiment, you examined the condition code registers 
and how the MPU monitors these flag registers to initiate conditional 
branches. Yet, these condition code registers are also monitored for other 
instructions. For example, the ADC (add with carry) and SBC (subtract 
with carry) instructions key on the C or carry flag. If an ADC instruction is 
executed and the carry flag is set, one is added to the least significant bit 
in the accumulator. Likewise, if the C flag is set when an SBC instruction 
is executed, one is subtracted from the least-significant bit of the ac- 
cumulator. Remember, the C flag represents a ‘“‘borrow” to the subtract 
instruction. 


In the first.portion of this experiment, we will verify the operation of the 
ADC instruction with a program for multiple precision arithmetic. Then 
we will examine one of the hazards of using this instruction. 


PROCEDURE 


1. Turn on the Trainer and press the RESET key. 


2. Load the program listed in Figure 44 into the Trainer. This program 
performs multiple-precision addition of two 16,. bit numbers. The 
augend 1B93,, will be added to the addend COEA,, by this pro- 
gram. Of course, the program can add any numbers that are 16,, bits 
or less. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


No operation 

Load the accumulator direct with the 
least significant byte of the addend. 
Add direct the 

least significant byte of the augend. 
Store the result in the 

least significant byte of the sum. 
Load the accumulator direct with the 
most significant byte of the addend. 
Add with carry direct the 

most significant byte of the augend. 
Store the result in the 

most significant byte of the sum. 
Halt 


Least significant byte 
addend 


Least significant byte 
» augend 


Most significant byte 


1 
> 
Most significant byte | 
\ 


Least significant byte | 
5 sum 


Most significant byte | 





Figure 44 
Program for multiple-precision addition. 


92 | Programming Experiments MICROPROCESSORS 


3. Change the program counter to 0000 and single-step through the 
program, recording the information in the chart of Figure 45. 
Notice that we are monitoring the carry (C) flag. 





Figure 45 
4, Examine memory location 0012,, and 0013,, and record the sum 
below. 
SUM _ ~~ — 

5. | Add the binary numbers below. These numbers are the binary 
equivalent of the two hex numbers added by the program just 
executed. 

MSB LSB 
COEA,, = 1100 0000 1110 1010 
1B93,, = 0001 1011 1001 0011 
SUM = 


Now, convert the binary sum to its hexadecimal equivalent and 
record below. 


SUMS... 


Does this match the sum obtained in step 4? 
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6. Now load the program of Figure 46 into the Trainer. This program 
simply adds two binary numbers and produces a carry. Hence, it 
will set the C flag. You will see its purpose in a moment. 


Execute the program by pressing the DO key and then entering 
address 0000. 


7. Examine the carry (C) condition code register. The C flag is 


set/reset 


HEX MNEMONICS/ 
ADDRESS CONTENTS 


Load the accumulator immediate 


with EA,,. 


Add immediate 


93 





Figure 46 
Program adds two numbers and produces carry. 
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Enter the program listed in Figure 47 into the Trainer. Notice that 
this is the same multiple-precision addition program previously 
executed, with the exception that the ADD Instruction has been 
replaced by the ADC instruction, as shown by the shaded section. 


oo00 
0001 
0002 
AAA 

0003 
ANNAN 

0004 
0005 
0006 
0007 
0008 
ob09 
000A 
000B 
000C 


o00D 


OOOE 


OOOF 


MNEMONICS/ 


CONTENTS 


LDA 
OE 


Figure 47 


\ 


\ 





No operation 
Load the accumulator direct with the 


least significant byte of the addend 
NVVAVNVVAVAVAAVVAAVVAVAVAV ASSAY 


Ad oer tees OA 
least significant byte of the augend. 
Store the result in the 

least significant byte of the sum. 

Load the accumulator direct with the 
most significant byte of the addend. 
Add with carry direct the 

most significant byte of the augend. 
Store the result in the 

most significant byte of the sum. 


Halt 


s 
Least significant byte 


» addend 
Most significant byte 


’ 


Least significant byte | 


» augend 
Most significant byte 


. 


x. 
Least significant byte 
sum 
Most significant byte 


’ 


Multiple-precision addition program with in- 
struction at address 003,, changed. 
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9. Set the program counter to 0000 and single-step through the pro- 
gram, recording the information in the chart of Figure 48. 


10. Examine memory locations 0012,, and 0013,s. Record the sum 
below. 


SUM coe 2 


Compare this sum to the previous sum recorded in step 4. Are they 


the same? 
yes/no 


Why are the sums different? 


From this demonstration, what conclusion can you draw concern- 
ing the use of the ADC instruction? 


STEP | PROGRAM OPCODE ACCA Cc COMMENTS 
COUNTER FLAG 


Figure 48 





NO on £6 OW N 





DISCUSSION 


In steps 1 through 3 of this experiment, you loaded a multiple-precision 
addition program similar to the one you studied in Unit 4. Single- 
stepping through the program, you witnessed the operation of the ADC 
instruction. The chart you complied should be similar to the chart in 
Figure 49. When you checked memory locations 0012,, and 0013,¢, you 
found the LSB and MSB respectively of the 16,5-bit sum. The sum should 
have been DC7D,,. 


In step 5 you added the binary equivalents of the hex numbers, COEA,, 
and 1B93,.. The sum was the binary equivalent of the sum produced by 
the program, as shown below. 


MSB LSB 
1 
COEA,, = 1100 0000 1110 1010 
1B93,. = 0001 1011 1001 0011 
SUM = 1101 1100 0111 1101 





As you noticed, a carry is generated by the addition of the least significant 
bytes of the two numbers. When you were single-stepping through the 
program, you observed this carry because the C flag was set. The addition 


of the most significant bytes did not produce a carry. Therefore, the carry 
flag was cleared. 


STEP | PROGRAM | OPCODE ACCA COMMENTS 
COUNTER sine 


Random | Random J Load the accumulator with the LSB 
of Addend (EA). 


Add the LSB of the Augend (93,.). 



















.EA 
7D 
7D 


Random 





Store result in LSB of sum. 





Load the accumulator with the 
MSB of the Addend (CO,«). 


Add with carry the MSB of 
the Augend (1B, ,.). 


Store result in MSB of Sum. 
Halt. 





co 





DC 
DC 








Figure 49 
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When you converted the binary number to hexadecimal, you found that 
the sum was the same as that produced by the program. 


1101 1100 0111 1101 


D C 7 D 


In step 6, you loaded a simple program that added the numbers EA, and 
93,,. Of course, the addition generated a carry, as you witnessed when 
you checked the C flag and found it set. 


In step 8, you loaded another multiple-precision addition program into 
the Trainer. The only difference between this program and the previous 
multiple-precision addition program was that the first add instruction 
was the ADC (add with carry), rather than the ADD. Then you single- 
stepped through the program and completed the chart of Figure 48. Your 
chart should be similar to the one shown in Figure 50. 


PROGRAM PCODE 
COUNTER 


Random Load the accumulator with the LSB of 
Addend (EA). 


EA Add with carry the LSB of the Augend (9334.6). 


7E Store result in LSB of sum. Load the 
accumulator with the MSB 


7E of Addend (CO,.). 


Add with carry the MSB of the Augend 
(1Bi6). 


Store result in MSB of sum. 


Halt. 





Figure 50 
Single-stepping through the multiple- 
precision addition program where both 
add instructions are ADC. 
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When you examined the sum at addresses 0012, and 0013,., you found 
DC7E,,. The correct sum, as you verified earlier, should have been 
DC7D,.. If you checked the chart compiled while single-stepping through 
the program, the reason for this incorrect answer should have been 
evident. The carry flag was set even before the program was executed. 
Therefore, when the Trainer executed the first ADC instruction, it au- 
tomatically added the carry (1,) to the sum of the least significant bytes. 
Hence, the result 7E was one greater than the correct sum of 7D. 


From this demonstration you should have reached the conclusion that 
the ADC instruction should not be used unless you are positive of the 
condition of the C flag. You must remember that the C flag is only reset by 
an arithmetic operation that doesn’t produce a carry or a borrow. For 
example, in the program that worked properly, we used the simple ADD 
instruction for the first addition. Naturally, this instruction ignores the 
condition of the C flag, so it doesn’t matter if it’s set or reset. This is a 
simple way of playing it safe. The second addition used the ADC instruc- 
tion because we wanted any carry from the least significant byte to be 
reflected in the most significant byte. 


The SBC (subtract with carry) instruction is similar to the ADC instruc- 
tion because it also monitors the C flag to indicate a borrow. In the next 
section of this experiment, you will write a program that uses the SBC 
instruction for multiple-precision subtraction of 16,9-bit numbers. 


Ex 


periment 6 | Gey 


MICROPROCESSORS________E 


11. 


12, 


13. 








Add 


Halt 


INSTRUCTION MNEMONIC 


Load Accumulator 
Clear Accumulator 
Decrement Accumulator 
Increment Accumulator 
Store Accumulator 


Subtract 

Add with Carry 
Subtract with Carry 
Arithmetic Shift 
Accumulator Left 
Decimal Adjust 
Accumulator 


PROCEDURE (Continued) 


Write a program that will perfrom multiple-precision subtraction 
of two 16,9-bit (2-byte) numbers. The following guidelines define 
the problem. 


a. The program must subtract a 16,5-bit subtrahend from a 16 ,9-bit 
minuend and store the difference in memory. 


b. Use the direct addressing mode. 

c. Select the op codes from the instruction listing in Figure 51. 
Now load the program. Enter 9721,, in the locations reserved for 
the minuend and 7581,, in the locations reserved for the sub- 
trahend. 

Single-step through the program and observe its operation. 
Examine the locations where the difference is stored and record the 


2-byte difference below. 


DIFFERENCE 









ADDRESSING MODE 
IMMEDIATE DIRECT RELATIVE INHERENT 
86 96 



















Figure 51 
Instructions. 
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DISCUSSION 


If you made a flow chart of the problem, your flow chart probably looks 
like the one shown in Figure 52. Your program should be similar to the 
solution shown in Figure 53. After stepping through the program on the 
Trainer, the difference of the subtraction should have been 21A0,.. If you 
didn’t obtain this answer, go back and recheck your program. 


Load the 
LSB of the 
Minuend 


Subtract the 
LSB of the 
Subtrahend 


Store Result 
in LSB of 
Difference 


Load the 
MSB of the 
Minuend 


Subtract with 

carry the MSB Figure 52 
of the 

Subtrahend 


Flow chart for multiple-precision sub- 


traction. 


Store Result 
in MSB of 
Difference 





MICROPROCESSOR 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load accumulator direct with 


least significant byte of minuend 


Subtract direct 

least significant byte of sub- 
trahend 

Store result in 


least significant byte of difference 


Load accumulator direct with 


most significant byte of minuend 


Subtract with carry 


most significant byte of the sub- 


trahend 
Store result in 


most significant byte of difference 


Halt 

Least significant bytel 
Most significant byte f 
Least significant byte 
Most significant byte J 
Least significant byte) 
Most significant bytef 





Figure 53 
Program for multiple-precision subtraction. 


You may have used the SBC instruction for the first subtraction. If you 
did, this might explain the problem, because if the C flag is set when this 
instruction is executed a 1 will be borrowed from the difference. There- 
fore, your answer would have been 1 less than the correct answer, or 
219F,.. If the carry flag was cleared before you executed the program, the 
result would still be correct. 


In the next section of this experiment, we will examine the ASLA (arith- 
metic shift accumulator left) instruction. You will also write a simple 
program that uses this instruction to multiply any 4,,-bit number by 16,9. 
This simple routine will prove it’s usefulness later. 


Recall from the discussion in Unit 4 that each ASLA operation multiplies 
the contents of the accumulator by two. 


Minuend 


Subtrahend 


Difference 
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14, 


15. 


16. 


17. 


PROCEDURE (Continued) 


Use the instructions listed in Figure 51 and write a program that 
uses the ASLA instruction to multiply any 4,9-bit number by 16, . 


Enter your program into the Trainer and then have your program 
multiply OF ,, (15,0) by 16,9. Record the product below. 





Convert the product obtained to its decimal equivalent. 


Decimal equivalent 





10: 
Now check your result by multiplying 15, times 164. 


1510 X 1649 = 





10° 


In this program, the multiplier is determined by the number of 
ASLA instructions. How many ASLA instructions are required to 
produce a multiplier of 44? 
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DISCUSSION 


The program for this simple routine is shown in Figure 54. Notice that is 
uses 4,, ASLA instructions to produce the required multiplier of 16,9. If 
your program worked properly, the final product should have been F0,.. 
Converting this number to its decimal equivalent, we find that F0,, equals 
240,9. When we multiplied 15,) times 1649, we also found the product was 
240,9. Therefore, the program works. 


Only two ASLA instructions are necessary to produce a multiplier of 4,9; 
three ASLA instructions will result in a multiplier of 84o. 


Another use for the ASLA instruction is to pack two BCD digits into a 
single byte. This “packing” can result in a significant savings of memory 
if many BCD numbers are used. Let’s verify the operation of the BCD 
packing program that was presented in Unit 4. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load the accumulator with the 
4-bit multiplicand 


\ Shift the accumulator 
four places to the left 


multiplying the multiplicand by 
1640. 


Store the product 
at this location 
Halt 

4-bit multiplicand 
Product 





Figure 54 
Program that uses the ASLA instruction 
to multiply a 4-bit number times 16,9. 
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18. 


19. 


20. 
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PROCEDURE (Continued) 


Enter the BCD packing program listed in Figure 55 into the Trainer. 
The unpacked BCD numbers are 09,,) and 03jp. 


HEX OPCODES/ MNEMONICS/ 
ADDRESS CONTENTS CONTENTS 





Figure 55 


Do nothing 

Load into the accumulator direct 
the unpacked most significant 
BCD digit. 


Shift it four places 
to the Jeft. 


Add the 

unpacked least significant 
BCD digit. 

Store the result 

in the packed BCD number 
Halt 

Packed BCD number 
Unpacked most significant 
BCD digit. 

Unpacked least significant 
BCD digit. 


Program to pack two BCD digits into a 


single byte. 


Set the program counter to 0000 and single-step through the pro- 
gram, recording the information below. Where it is indicated, con- 
vert the hexadecimal contents of the accumulator to the binary 


equivalent. 


Program 
Count 


0001 


0003 
0004 


0005 
0006 
0007 
0009 
000B 


Op code 


88e6556 8 


3E 





ACCA Binary Equivalent 
Random Random 
HALT 


Examine the packed BCD number at address 000C,, and record it 


below. 


Packed BCD Number 
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DISCUSSION 


As you can see, the BCD packing program is very simple. Nevertheless, 
simple routines such as this can be combined in many programs, easing 
the task of programming. Most programmers either commit these general 
purpose routines to memory or file them away for future reference. 


The results you obtained by stepping through the program should be 
similar to those shown below. 


PROGRAM OP CODE ACCA BINARY EQUIVALENT 
COUNT 

0001 96 Random Random 
0003 48 09 0000 1001 
0004 48 12 0001 0010 After 1st shift 
0005 48 24 0010 0100 After 2nd shift 
0006 48 48 0100 1000 After 3rd shift 
0007 9B 90 1001 0000 After 4th shift 
0009 97 93 1001 0011 
000B 3E 


As the listing shows, the most significant BCD digit (09,,) is loaded into 
the accumulator. Four ASLA shifts take place, moving this digit progres- 
sively to the left. Following these four shifts, the most significant BCD 
digit is properly positioned. Now the program simply adds the least 
significant BCD (03,,) to the contents of the accumulator and then stores 
the sum. Checking the address of the packed BCD number, we find 93. 


When BCD numbers are added, we encounter yet another problem. Often, 
the sum is the correct BCD number. But, just as frequently, it isn’t. In Unit 
4, the reason for this inconsistency was discussed. However, your Trainer 
has an instruction, called the ‘‘Decimal Adjust Accumulator’ (DAA), that 
can correct the sum of BCD numbers, producing the desired result. 


In the next portion of this experiment, we will demonstrate the need for 
the DAA instruction by first adding two BCD numbers without using the 
DAA instruction. Then we will check the sum. Next, we will correct the 
program by inserting DAA instructions and again examine the BCD sum, 
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21. 


22. 


23. 


PROCEDURE (Continued) 


Load the program listed in Figure 56 into your Trainer. This pro- 
gram adds the BCD numbers 3792), and 54829, storing the sum in 
address 0011,, and 0012;,.. 


RESET the Trainer and execute the program by first pressing the 
DO key and entering address 0000. 


Again, press the RESET key and then examine the sum stored at 
address 0011,, and 0012,,. The most significant byte of the sum is at 
address 0011,, and the least significant byte is at address 0012,,. 
Record the sum below. 


SUM ____ 


Is this the correct BCD sum for the addition of the numbers 3792,, 
and 5482,,? 


yes/no 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 





Load the accumulator direct with 
the least significant byte of 
addend. 

Add direct 

the least significant byte of 
augend 

Store the result in 

the least significant byte of BCD 
sum. 

Load the accumulator direct with 
the most significant byte of 
addend 

Add with carry 

the most significant byte of 
augend 

Store the result in 

the most significant byte of BCD 
sum. 

Halt , 
Most significant byte 
Least significant byte peep Addend 
Most significant et 
Least significant byte 
Most significant byte 


> BCD Augend 


Least significant bytef BCD Sum 


Figure 56 
Incorrect program for multiple-precision 
addition of BCD numbers. 
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24. Now load the corrected multiple-precision BCD addition program 
listed in Figure 57 into your Trainer. Notice that the only changes 
between this program and the previous program are the additions 
of the NOP instructions and the two DAA instructions following 


the addition operations. 


25. Change the program counter to 0000 and single-step through the 
program, recording the information below. 


STEP 1 

PROGRAM COUNT 
STEP 2 

PROGRAM COUNT 
STEP 3 


PROGRAM COUNT 


OP CODE 


OP CODE 


OP CODE 


ACCA 





ACCA C FLAG 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Figure 57 





Do nothing 
Load the accumulator direct 

with the 

least significant byte of addend. 
Add direct 

the least significant byte of 
augend. 

Decimal adjust the sum to BCD. 
Store the result in the 

least significant byte of BCD sum 
Load the accumulator direct 

with the 

most significant byte of addend. 
Add with carry the 

most significant byte of augend. 
Decimal adjust the sum to BCD. 
Store the result in the 

most significant byte of BCD sum. 
Halt. 

Most significant byte ) 
Least significant byte 
Most significant byte 
Least, significant byte j 
Most significant byte } 


Least significant byte j BCD Sum 


» BCD Addend 


> BCD Augend 


Program for adding multiple-precision 


BCD numbers. 
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The sum of the addition of the least significant bytes is now in the 
accumulator. Is this the correct BCD sum for the numbers 92,,) and 
B20? 


yes/no 


When the DAA instruction (op code 19) is executed, will this 


number be corrected? 
yes/no 


STEP 4 








PROGRAM COUNT OP CODE ACCA C FLAG 


As you can see, the DAA instruction did correct the left-most digit 
by adding 60,, to the sum. Since the result 14,) appears to be a 
legitimate BCD number, how did the MPU know it was not the 
valid BCD sum? 








STEP 5 

PROGRAM COUNT OP CODE ACCA C FLAG 
STEP 6 —— ae 

PROGRAM COUNT OP CODE ACCA C FLAG 
STEP 7 tes 


PROGRAM COUNT OP CODE ACCA C FLAG 


It’s obvious that this number (8C,,) is not the BCD sum of 37,) and 
54,9. What number will the MPU add to 8C,, to produce the desired 
BCD sum? 


STEP 8 ae 7 eas 
PROGRAM COUNT OP CODE ACCA C FLAG 





STEP 9 


PROGRAM COUNT OP CODE ACCA 


26. Now examine the BCD sum at addresses 0014,, and 0015,., and 
record below. 


SUM 
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DISCUSSION 


When you executed the first program to add BCD numbers, it was obvious 
that the sum 8C14 was not the correct BCD number. The answer should 
have been 9274,). Naturally, the MPU considered these BCD numbers as 
hexadecimal numbers, hence, the hexadecimal sum. 


However, when the program was modified by the addition of DAA 
(decimal adjust accumulator) instructions after each addition operation, 
the result was the correct BCD number. As you stepped through the 
program you saw the DAA instruction in operation. 


At step 3, the BCD numbers 92, and 82,, had been added and the 
accumulator was supposedly storing the sum 14,,. A carry was generated 
by the setting of the C flag. However, the sum was not correct. Instead of 
14,,, the sum should have been 174,. To the MPU, the addition looked 
something like this. 


1001 0010, = 9216 
CFLAG 1000 0010, = B25 
1 Carry 0001 0100, 11446 


If we ignore the carry, the sum 14,, appears to be a legitimate BCD 
number. Nevertheless, the sum would be incorrect. Taking the carry flag 
into consideration, remember it’s just an extension of the accumulator, 
we find the sum is 114,,. In hex, this is the correct sum of the two 
numbers. 
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In step 4, the DAA instruction had been executed and, as you witnessed, 
the number 14,, had been adjusted to the correct BCD sum of 74,9. The 
carry flag was set, indicating that the sum of the two left-most 4-bit binary 
numbers was larger than 1001, (9,.). Actually, it was 1 0001,. When the 
DAA instruction was executed, the MPU followed the conversion rules 
and adjusted the sum by adding 60,, as shown below. 


Carry Carry 
1 0001 0100, = 1 1446 
0110 0000, = 60i¢ 
1 0111 0100, = 1 7446 


The result is 74, with a carry of 1,,. This is the correct BCD sum for the 
two BCD numbers. If we include the carry, the result is 174,, which is 
indeed the decimal sum of 92,) and 82,5. However, this exceeds the 
capacity of our storage locations, since they’re only 8-bits long, so the 
carry is carried forward to the addition of the most significant bytes of the 
numbers in the next step. 


As you continued single-stepping through the program, the most sig- 
nificant bytes were loaded and added with the ADC instruction. At step 7, 
the sum of this addition was in the accumulator. It was obvious that the 
sum 8C,, wasn't a BCD number. To adjust this number to the correct BCD 
sum, 06,, was added by the DAA instruction. The BCD adjusted sum 92,, 
was the result. 


In the final step of the experiment, you verified program operation by 
examining the BCD sum at locations 0014,, and 0015,,. Here you should 
have found the sum 92744. 
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Experiment 7 


New Addressing Modes 


OBJECTIVES: 
To demonstrate the extended addressing mode. 
To demonstrate the indexed addressing mode. 


To gain experience using the instruction set and registers of the 
MPU. 


NOTE 1: Ifthe Trainer you are using has a Model number ET-3400A, it 
will not be necessary for you to add the two RAM IC’s (listed under 
“Material Required’’) to your Trainer. After reading the Introduction, 
begin this experiment at Procedure step 6. 


NOTE 2: If the Trainer you are using has a Model number ET-3400, 
check IC locations IC16 and IC17. If these two locations do not contain 
IC’s (2112 Heath number 443-721), begin this experiment at Procedure 
step 1. If these two locations are equipped with the 2112 IC’s, begin this 
experiment at Procedure step 6. 


MATERIAL REQUIRED 


1 — Microprocessor Trainer 


2 — 2112-2 IC’s (Heath Number 443-721) 
INTRODUCTION 


In Unit 5, you learned that the MPU has two new addressing modes called 
extended and indexed addressing. Either of these addressing modes can 
be used to reach operands anywhere in memory. By contrast, the direct 
addressing mode can be used only when the operand is in the first 25645 
bytes of memory. 
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PROCEDURE 


: Turn your ET-3400 Microprocessor Trainer off and unplug it. 


2. Locate the two 2112-2 IC’s (Heath number 443-721) that were 
supplied with the EB-6401-30 Parts Pack. Notice that these IC’s are 
packed in conductive foam. 


NOTE: These IC’s are rugged, reliable components. However, normal 
static electricity discharged from your body through an IC pin to an object 
can damage the IC. Install these IC’s without interruption as follows: 


A. 


B. 





SMALL 
INDENTATION por orca a 


Remove the IC from its package with both hands. 


Hold the IC with one hand and straighten any bent pins with 
the other hand. 


Refer to Figure 58. Position the pin 1 end of the IC over the 
index mark on the circuit board. 


Be sure each IC pin is properly started into the socket. Then 
push the IC down. 


Y 


a Se 4 


PIN 1 PIN 1 PIN 1 


Figure 58 


3. Install one of the IC’s in the empty socket labelled IC16 on the 
ET-3400 Trainer. 


4. Install the other IC in the socket labelled IC17. 


NOTE: Until now, you could not use the extended addressing mode 
because the ET-3400 Trainer had only 256,) bytes of RAM memory. The 
installation of the two RAM IC’s in the above steps has added an addi- 
tional 256, bytes of RAM memory necessary for the extended addressing 


mode. 
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5. Plug in your Trainer and turn it on. 


6. Using the AUTO mode, load the numbers 00 through OF into 
memory locations 0100 through 010F, respectively. 


7. Using the EXAM and FWD keys, verify that the above numbers 
were stored in those addresses. 


DISCUSSION 


The ET-3400A Trainer required no hardware modification to acquire 
512,) bytes of RAM in addresses 0000,, through 01FF,,. The two 2114 
RAM IC’s at IC14 and [C15 already have this capacity. However, the 
ET-3400 Trainer uses 2112 RAM IC’s. The two IC’s at [C14 and IC15 
contain only the first 256,, bytes of memory from 0000,, to OOFF,g. 
Therefore, to extend the RAM capacity of the ET-3400 trainer an addi- 
tional 256,) bytes, it may have been necessary to install two additional 
2112 IC’s at locations IC16 and IC17. The starting address of this new 
RAM is 0100,, and extends through 01FF,, for a total of 512,) bytes. When 
operands are placed at addresses above O0FF;,,, the extended addressing 
mode is generally used. 
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10. 


11. 


12. 


PROCEDURE (Continued) 


Figure 59 shows a program for adding a list of numbers. Because 
the numbers are in addresses higher than OOFF;,,, the extended 
addressing mode is used. Load this program into the Trainer and 
verify that you have loaded it properly. 


Execute the program using the single-step mode. The first instruc- 
tion sets the contents of accumulator A to 


Examine the program counter and accumulator A after each in- 
struction is executed. Each time an ADDA extended instruction is 


executed, the program counter is advanced ______ bytes. 


Examine the contents of accumulator A after the final instruction is 
executed. The number in accumulator A is 


Refer to your instruction set summary card. How many MPU cycles 
are required to execute this program? 


DISCUSSION 


The program adds the ten numbers giving the sum 55,y or 37,,. It requires 
51 MPU cycles. Notice that the program itself takes up 32,) bytes of 
memory. The data (the ten numbers) use another 10,, bytes. 


A repetitive program like this one is an excellent candidate for indexed 


addressing. Let’s see how the same job can be done using indexed 
addressing. 
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MNEMONICS/ COMMENTS 
cones bananas CONTENTS 


Clear accumulator A 
Add the first number 
which is at this 

address. 

Add the second number. 


Add the third number. 


| Continue until all numbers are 
added. 


Stop. 

First number. 
Second number. 
Third number. 


Tenth number. 





Figure 59 
Adding a list of numbers using extended 
addressing. 
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PROCEDURE (Continued) 


13. Figure 60 shows a program for adding the same list of numbers. 
However it uses indexed addressing. Load this program into the 
Trainer and verify that you have loaded it correctly. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESSES CONTENTS CONTENTS 
4F 


Clear accumulator A 

Load the index register 
immediately 

with the address of 

the first number in the list. 
Add to accumulator A indexed 
with 00 offset. 

Increment index register. 
Compare the index register 
immediately 

with one greater than the address 
of.the last number in the list. 
If there is no match 

branch back to here. 
Otherwise, halt. 





Figure 60 
Adding the list of numbers using indexed 
addressing. 


14. Execute the program using the single-step mode. After each step, 
record the contents of the program counter, accumulator A, and the 
index register in Figure 61. 


15. Compare the programs of Figures 59 and 60. Which requires fewer 
instructions? 


16. Refer to the instruction set summary card. How many machine 
cycles are required to execute the program shown in Figure 59 
—______? Compare this with the number of machine cycles 
required for the program in Figure 60. 
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CONTENTS AFTER EACH STEP 
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Figure 61 
Record values here. 
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DISCUSSION 


This example illustrates that when a repetitive task is to be done, indexed 
addressing can save many bytes of memory. In many cases, indexed 
addressing requires more MPU cycles and therefore, a longer time to 
execute. Generally, time is of little importance compared to saving a 
substantial number of memory bytes. 


Let’s look at some other ways that indexed addressing is used. 


PROCEDURE (Continued) 


17. Write a program that will clear memory locations 0120,, through 
01A0,,. It should use indexed addressing. The program should 
reside in the lower RAM addresses. 


18. When youare sure your program is correct, load it into the ET-3400 
Trainer. Verify that you loaded it correctly; then execute it using 
the DO command. 


19. Examine memory locations 0120,, through 01A0,,. Each should be 
cleared. Examine locations below 0120,, and above 01A0,,. These 
locations should not be cleared. 


20. Debug your program if necessary and repeat steps 18 and 19 until 
the desired results are obtained. 


DISCUSSION 


Our solution to the problem is shown in Figure 62. Your solution may be 
similar or quite different. If it achieves the proper result and requires 
about the same number of bytes, then it is perfectly acceptable. 


We still have not demonstrated the full power of indexed addressing 
because we have not yet used the offset capability. Let’s look at how the 
offset capability can be used. Figure 63 shows three tables. The first two 
tables contain signed numbers, the third is initially cleared. The entries 
in the first two tables are to be added and the resulting sums are to be 
placed in the third table. That is, the first entry in table 1 is to be added to 
the first entry in table 2. The resulting sum is to be stored as the first entry 
of table 3. The second entry in table 1 is to be added to the second entry in 
table 2, forming the second entry in table 3; etc. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load index register immediately 
with 

the address of the 

first location to be cleared. 

Clear the location whose 

address is indicated by the index 


register. 

Increment the index register. 
Compare the number in the index 
register with one greater than 

the address of the last location to be 
cleared. 

If there is no match 

branch back to here. 

Otherwise, stop. 





Figure 62 
Program for clearing addresses 0120,, 
through 01A0j.. 


TABLE 1 TABLE 2 TABLE 3 
ADDRESS CONTENTS ADDRESS CONTENTS ADDRESS CONTENTS 
06 FA 







































































OF 01 
06 1A 
20 10 
2F 11 
00 50 
2F 31 
61 OF 
3E 42 
4F 41 
91 OF 
OF 11 
Co 00 
84 4c 
70 70 





E1 oF 


Figure 63 
Three tables. 
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21. 


22. 


23. 


24. 


25. 


PROCEDURE (Continued) 


Enter the data shown in Figure 63 into the indicated addresses. 
Write a program that will solve the problem described above. 
Enter the program into the Trainer and execute it. 


Examine addresses 0150,, through 015F,, to verify that the pro- 
gram performed properly. 


If necessary, debug your program and try again. 


DISCUSSION 


The solution to the problem is shown in Figure 64. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 





Load index register with address 
of first entry 

in Table 1. 

Load entry from Table 1 into 
accumulator A. 

Add the corresponding entry from 
Table 2. 

Store the result in the 
corresponding location in Table 3 
Increment the index register. 
Compare the number in the index 
register with one greater 

than the address of the last entry in 
Table 1. 

If there is no match, 

branch to here. 

Otherwise, stop. 


Figure 64 
Program for adding two tables. 


ae) 121 


Experiment 8 


Arithmetic Operations 


OBJECTIVES: 


To gain practice using the instruction set and registers of the 
6800 MPU. 


To demonstrate a fast method of performing multiplication. 
To demonstrate multiple-precision arithmetic. 


To demonstrate an algorithm for finding the square root of a 
number. 


To gain experience writing programs. 


INTRODUCTION 


In Unit 5, you were exposed to the full architecture and instruction set of 
the 6800 microprocessor. In this experiment, you will use some of the 
new-found capabilities of the microprocessor to solve some simple prob- 
lems. 


Mathematical operations make excellent programming examples and at 
the same time illustrate useful procedures. For these reasons, the prog- 
rams developed in this experiment are concerned with arithmetic opera- 
tions. 


In an earlier unit, you learned that a computer can multiply by repeated 
addition. However, this is a very slow method of multiplication when 
large numbers are used. 
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A much faster method of multiplying involves a shifting-and-adding 


process. To illustrate the procedure, consider the long hand method of 
multiplying two 4-bit binary numbers. The procedure looks like this. 


1011, <_ Multiplier — 1119 


1101 
1101 
0000 
1101 


10001111, 





_— Product —_— 


The decimal equivalents are shown for comparison purposes. The pro- 


duct is for 


med by shifting and adding the multiplicand. Put in computer 


terms, the procedure goes like this: 


1. 


Clear the product. 

Examine the multiplier. If it is 0, stop. Otherwise, go to 3. 
Examine the LSB of the multiplier. If it is 1, add the multip- 
licand to the product then go to 4. If it is a 0, go to 4 without 
adding. 

Shift the multiplicand to the left. 


Shift the multiplier to the right so that the next bit becomes the 
LSB. 


Go to 2. 


morepnocesont pion 


PROCEDURE 


1; Write a program of any length that will perform multiplication in 
the manner indicated. Here are some guidelines: 


A. 


B. 


You may use any of the instructions discussed up to this point. 


To keep the program simple, only unsigned 4-bit binary num- 
bers are to be used for the multiplier and the multiplicand. 


The final product should be in Accumulator A when the mul- 
tiplication, is finished. 


The multiplier may be destroyed during the multiplication 
process. 


Assume that the multiplier and multiplicand are initially in 
memory. That is, you should load them into memory along 
with the program. 


Try to write the program before you read further. If after 30 minutes, 


you feel you are not making progress, go on to step 3. 


3. If you feel you need help, read over the following hints and then 
write the program. 


A. The product should be formed in accumulator A. 

B. The first step is to clear the product. 

C. The multiplicand is shifted and added to Accumulator A. 
Accumulator B is a good place to hold the multiplicand during 
this process. 

D. The multiplier can be tested for zero while still in memory by 
using the TST instruction followed by the BEQ instruction. 

E. A good way to test the LSB of the multiplier is to shift the 
multiplier one bit to the right into the carry flag and then test 
the carry flag with a BCC instruction. 

4. Once your program is written, load it into the Trainer and run it. 


Verify that it works for several different values of multipliers and 
multiplicands. Debug your program as necessary. 
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DISCUSSION 


The real test of your program is ‘Does it work?” If it works, then you have 
successfully completed this part of the experiment. One solution to the 
problem is shown in Figure 65. Compare your program with this one. If 
you could not write a successful program, study this program carefully to 
see how it handles each phase of the operation. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Set the product to 0. 

Load accumulator B with the 
multiplicand. 

Test 

the 

multiplier. 

If it is 0, branch to the 

wait instruction. 

Shift the LSB of the 

multiplier to the 

right into the carry flag. 

If the carry flag is cleared 

skip the next instruction. 

Add the multiplicand to the 
product. 

Shift the multiplicand to the left. 
Branch back and go through again. 


Wait. 
Multiplicand 
Multiplier 





Figure 65 
Multiplying by shifting and adding. 
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Obviously, this simple program has some serious drawbacks. The chief 
one is that the product cannot exceed eight bits. Fortunately, the basic 
procedure can be expanded so that much larger numbers can be handled. 
The solution is to use two bytes for the product. This will allow products 
up to 65,535,. In this example, the multiplier will be restricted to eight 
bits. However, the multiplicand can have up to 16 bits (two bytes) as long 
as the product does not exceed 65,535, 9. In an earlier unit, you learned 
that multiple-precision numbers can be added by a 2-step operation. The 
least significant (LS) byte of one number is added to the LS byte of the 
other. Then, the MS byte is added with carry to the MS byte of the other. 
Keep this in mind as you write your program. 


The procedure for shifting a multiple-precision value will also come in 
handy. To shift a 2-byte number to the left, a 2-step procedure like that 
shown in Figure 66 can be used. First, the LS byte is shifted one place to 
the left into the carry bit by using the ASL instruction. Next the MS byte is 
rotated to the left. The result is that the 16-bit number has been shifted 
one bit to the left. 


PROCEDURE (Continued) 


5. Write a program that will multiply a double-precision multi- 
plicand times an 8-bit multiplier. Assume that the double- 
precision product is to be stored in memory locations 0000,, and 
0001,,. The double-precision multiplicand is initially in addresses 
0002,, and 0003,,. The 8-bit multiplier is in address 0004,,. 


6. Onceagain, you should try to write this program. If after 30 minutes 
or so you are not making progress, read the hints given in step 7. 
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A (ofontolot § elo Joon 


MS BYTE LS BYTE 


YY 


16-BIT MULTIPLE-PRECISION NUMBER 


B= GION TOIT) [) lion to 
Cc 


STEP 1: SHIFT THE LS BYTE TO 
THE LEFT INTO THE 


Figure 66 CARRY BIT (ASL) 


Shifting a multiple-precision number. Cc 
[t]1 fok{O] Lol [1 Jolo}r [1 fo} 
C 


STEP 2: ROTATE THE MS BYTE, 
ROL 


D (0) loli{rfololiifo; {oli frfofoyry1 Jo} 
\ + } 
THE RESULT 


7. Read over the following hints (if necessary) and try again. 
A. Initially clear both bytes of the product. 


B. Test the multiplier for zero exactly as you did in the previous 
program. 


C. Test the LSB of the multiplier as you did in the previous 
program. 


D. When adding the multiplicand to the product, use the 
multiple-precision add technique. 


E. When shifting the multiplicand to the left, use the technique 
shown in Figure 66. 


8. Once your program is written, load it into the Trainer and verify 
that it works properly. Debug the program as necessary. 


DISCUSSION 


There are dozens of ways in which this program could be written. If your 
program produces proper results, then you have been successful. One 
solution to the problem is shown in Figure 67. Compare your program 
with this one. If you were unsuccessful in writing a program, study 
Figure 67 very carefully until you understand the procedures involved. 
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HEX 
ADDRESS 


HEX MNEMONICS/ COMMENTS 
CONTENTS CONTENTS 


Product (LS byte) 
Product (MS byte) 
Multiplicand (LS byte) 
Multiplicand (MS byte) 
Multiplier 


Instructions start at address 0010 
Clear the product. 


Test the multiplier. 


If the multiplier is 0, branch to 
the WAI instruction. 

Otherwise, shift the right most 
bit of the multiplier into 

the C flag. 

If the C flag is 0 branch to 

here. 

Otherwise, load the LS byte of 
the product into accumulator A. 
Then add the LS byte of the 
multiplicand. 

Load the MS byte of the product 
into accumulator B. 

Add (with carry) the MS byte of the 
multiplicand. 

Store the contents of accumulator A 
as the LS byte of the product. 
Store the contents of accumulator B 
as the MS byte of the product. 

Shift the LS byte of the 
multiplicand to the left. 


Rotate the MS byte of the 
multiplicand to the left. 


Repeat the process. 


Stop. 





Figure 67 
Program for multiplying a double-precision multip- 
licand by an 8-bit multiplier. 
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Another problem that makes a good programming exercise is finding the 
square root of a number. Writing the program is not too difficult once you 
develop the proper algorithm. While there are many different ways to 
find the square root of a number, the easiest method from the program- 
mer’s point of view involves the subtraction of successive odd integers. 


This method works because of the relationship between perfect squares. 
The first several perfect squares are 0? = 0, 1? = 1, 2? = 4, 3? = 9, 4? = 16, 5? 
= 25, etc. Notice: 

The relationship between the numbers 0, 1, 4, 9, 16, 25, etc. 

The difference between 0 and 1 is 1, the first odd integer. 

The difference between 1 and 4 is 3, the second odd integer. 

The difference between 4 and 9 is 5, the third odd integer; etc. 
This relationship gives us a simple method of finding the exact square 
root of perfect squares and of approximating the square root of non- 
perfect squares. 


The procedure for finding the square root of a number looks like this: 


1. Subtract successive odd integers (1, 3, 5, 7, 9, etc.) from the 
number until the number is reduced to 0 or a negative value. 


2. Count the number of subtractions required. The count is the 
exact square root of the number if the number was a perfect 
square. The count is the approximate square root if the number 
was not a perfect square. 
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For example, let’s find the square root of 494). 


49 Original Number. 

1. Subtract the first odd integer. 

48 

3 Subtract the second odd integer. 
45 

5 Subtract the third odd integer. 
40 

Bio Subtract the fourth odd integer. 
33 

9 Subtract the fifth odd integer. 

24 

-11 Subtract the sixth odd integer. 
‘13 

-i3 Subtract the seventh odd integer. 

0 Stop subtracting because the original 


number has been reduced to 0. 


We simply count the number of subtractions required. 


Since 7 subtractions were required, the square root of 49 is 7. 


PROCEDURE (Continued) 


9, With pencil and paper, use the above algorithm to find the square 
root of 81,9. Does the answer give the exact square? _____. Was 
the result of the final subtraction 0? 


10. With pencil and paper, use the above algorithm to find the square 
root of 119,). How many subtractions are required to reduce the 
number toa negative value. Does this count approximate the square 
root of 11945? 


11. Write a program that uses the above algorithm to find or approxi- 
mate the square root of any unsigned 8-bit number. 


12. Load your program into the Trainer and run it. Verify that it works 
for several different values. 
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DISCUSSION 


Our solution to the problem is shown in Figure 68. The number is loaded 
into accumulator A, where it will be gradually reduced to a negative 
value. The odd integer is maintained in accumulator B. Each new odd 
integer is formed by incrementing twice. The SBA instruction is used to 
subtract the odd integer from the number. The BCS instruction is used to 
determine when the number goes negative (a borrow occurs at that point). 
You could have used the BMI instruction but this would limit the original 
number to a value below +128,,). A few bytes are saved by not maintain- 
ing a separate count of the number of subtractions. Instead, the final odd 
integer value is converted to the count. This is possible because of the 
relationship between the odd integer value and the number of subtrac- 
tions. As the program is written, the final odd integer is always one more 
than twice the number of subtractions. By shifting the final odd integer to 
the right, the correct count is created. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 
96 


Load the number that is at 
this address into accumulator A. 
Load accumulator B with the 
first odd integer. 
Subtract the odd integer from the 
number. 
If the carry is set, branch 
to here. 
Otherwise, form the next higher 
odd 
integer by incrementing B twice. 
Branch back 
to here. 
Shift the odd integer to the right. 
Store the answer at 
this address. 
Wait. 
Number Number to be operated upon. 
Answer Final answer appears here. 





Figure 68 
Square root subroutine. 
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Of course, any square root program that is limited to numbers below 25649 
is of limited use. However, this same technique can be applied to 
multiple-precision numbers. Figure 69 shows a program that can find or 
approximate the square root of numbers up to 16,385,9. Before you study 
this program, try to write your own program to do this. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


LDAA Load accumulator A with the 


















































1A LS byte of the number. 
LDAB Load accumulator B with the 
19 MS byte of the number. 
CLR Clear 
00 the odd 
1B integer. 
INC Increment. 
oo the odd 
1B integer. 
SUBA Subtract the odd 


1B integer from the LS byte of the 
number. 


Take care of any borrow 





























SBCB# 


00 from the MS byte of the number. 
BCS If the carry is set, branch 

05 to here. 

INC Otherwise, form the next 

00 higher odd integer by 

1B incrementing 
BRA and branching 












FZ to here. 











LSR Convert the odd integer to 
00 the answer by shifting 
1B right. 
WAI Stop. 
Number (MS) Number to be 
Number (LS) operated upon. 
Odd integer Form the odd integer and the 





answer here. 






Figure 69 
Routine for finding the square root of a 


double precision number. 
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Experiment 9 


Stack Operations 


OBJECTIVES: 
To demonstrate the stack operations that occur automatically. 
To demonstrate ways that the programmer can use the stack. 


To demonstrate the break-point capability of the Trainer. 


INTRODUCTION 


As you learned in Unit 6, the stack is used by the MPU to perform some 
automatic functions. When an interrupt occurs or a WAI is encountered, 
the MPU pushes the contents of the program counter, index register, 
accumulators, and condition codes on to the stack. We can easily verify 
this. 
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PROCEDURE 


1. Figure 70 shows a program for setting the MPU registers toa known 
state. Examine the program and determine the hex contents of the 
following registers immediately after the WAI is executed. 


Condition Code Register 
Accumulator B 
Accumulator A 

Index Register 

Program Counter 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load 0020 into 
the stack pointer 


Load EEDD into the index register. 


Load BB into ACCB. 
Load AA into ACCA. 


Push AA onto the stack. 
Load CC into ACCA. 


Transfer CC into the condition 
codes. 

Pull AA from the stack. 

Wait. 





Figure 70 
This routine sets the contents of all MPU 
registers to known values. 
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2. Load the program into the Trainer and verify that you loaded it 


properly. 

3. Execute the program using the DO command. 

4. Examine the following memory locations and record their hex 
contents. 


Address’ Contents Register 


001A = = at 
001B pot Li 
001C ae os 
001D a2 Soe 
O01E eo een 
001F oe —— 
0020 a se 


5. Identify the register from which these numbers came. 


6. Try to examine the contents of ACCA, ACCB, PC, SP, and INDEX 
register. Do their contents agree with the number loaded there? 


DISCUSSION 


When the WAI instruction is executed, the contents of the MPU registers 
are pushed onto the stack. Since the stack pointer is initially at 0020, the 
contents of the registers are stored as follows. 


Address Contents Where it came from 
001A Cc Condition Codes 
001B BB Accumulator B 
001C AA Accumulator A 
001D EE Index Register (high byte) 
001E DD Index Register (low byte) 
001F 00 Program Counter (high byte) 


0020 10 Program Counter (low byte) 
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When you tried to examine the contents of ACCA, ACGB, SP, etc., you 
found that their contents did not agree with what was loaded. The reason 
for this apparent error is that the Trainer does not actually examine the 
contents of these registers. Instead, it examines what is placed in the stack 
by the WAI instruction. However, when the Trainer is reset, the monitor 
program assumes that the stack starts at address 00D1. Since our program 
moved the location of the stack, we can not use the ACCA, ACCB, PC, SP, 
CC, or INDEX commands after changing the stack pointer and then 
resetting the Trainer. 


This demonstrates how the MPU uses the stack. A similar operation 
occurs for the SWI instruction or when a hardware interrupt occurs. Of 
course, the programmer can also use the stack. 


PROCEDURE (Continued) 


7. Figure 71 shows a program that will clear memory locations 0001 
through 001F-. It then transfers a list of numbers to these addresses. 
The numbers come from addresses 0151 through 016F. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS ADDRESS 


Load the index register 
with highest 

address to be cleared. 
Clear it. 


Decrement index register to next 
lower address. 

Finished? If not, go back and 
clear the indicated address. 

Set index register to first entry in 
new list. 

Set the stack pointer to one less than 
the first entry in the old list. 


Pull the entry from the old list. 
Store it in the new list. 


Increment index register to next 
entry in list. 
Finished? 


If not, go back and pull next entry. 


Otherwise, wait. 





Figure 71 
Program for demonstrating stack opera- 
tions and breakpoints. 
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8. Load this program into the Trainer and verify that you loaded it 
properly. 


9. At address 0151 through 016F, load the numbers 01 through 1Fj¢, 
respectively. 


10. Execute the program using the DO command. 


11. Examine addresses 0001 through 001F. They should contain the 
numbers 01 through 1F, respectively. 


DISCUSSION 


This illustrates how the stack can be used in conjunction with indexing to 
move a list of numbers. 


When this program is executed using the DO command, everything 
happens so fast that it is impossible to see intermediate results. Of course, 
you could use the single-step mode and examine the result produced by 
every single instruction. But in many programs, this is a long, tedious 
process. Therefore, the Trainer provides another way to examine prog- 
rams. It allows us to set four different breakpoints in our program. The 
Trainer will execute instructions at its normal speed until it reaches one 
of these breakpoints. At that point, the Trainer will stop with the address 
and op code of the next instruction displayed. While the Trainer is 
stopped, you can examine and change the contents of any register or 
memory location. When you are ready to resume, you depress the return 
(RTI) key and the Trainer executes instructions at its normal speed until 
the next breakpoint or a WAI instruction is encountered. 
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PROCEDURE (Continued) 


12. Verify that the program is still in memory. 


13. Depress the RESET key. Do not depress RESET again as you per- 
form the following steps. To do so will erase any breakpoints that 
you set. 


14. Refer to the program listing in Figure 71. Let's assume we wish to 
stop and examine memory and the MPU registers just before the 
BNE instruction at address 0026 is executed. 


15. Depress the BR key. The display should be____ Br. The Trainer is 
now ready to accept the first breakpoint address. Enter the address 
at which the Trainer is to stop: 0026. The breakpoint is now en- 
tered. 


16. Without hitting RESET, depress the DO key. Enter the address of 
the first instruction in the program: 0020. 


17. Immediately, the display will show the address 0026 and op code 
26 at which the breakpoint occurred. 


18. Without hitting RESET, examine the contents of the index register. 
It should now read 001E. 


19. Depress the EXAM key and examine address 001F. It should now 
be cleared. 


20. Notice that you can examine the contents of any MPU register or 
memory location from this breakpoint mode. 


21. When you are ready for the program to resume, depress the RTI key 
once. Again, the display will read 002626 because the MPU is back 
at the same breakpoint on the second pass through the first loop. 


22. Examine the index register again. It should now read 001D. 
Examine location 001E and verify that it has been cleared. 


23. The loop will be repeated 31,) times. On the 32" pass, the program 
will escape the loop. 
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24. Before you go further, set a second breakpoint at the INX instruc- 
tion. Do this by depressing the BR key and entering the address of 
the instruction (0028). 


25. Depress the RTI key again. Notice that the program is still stopping 
at the first breakpoint. It will continue to do so until it escapes the 
first loop. 


26. Youhavenow pushed the RTI key three times. Repeatedly push the 
RTI key until the display changes to 0028 08. The RTI key should 
have been depressed a total of 32,, times, counting the first three 
times. 


27. The program is now waiting at the second break point. 
28. To demonstrate a point, let’s set two additional break points. 


29. Depress the BR key and enter address 0029. This sets the third break 
point at the LDS# instruction. 


30. Depress the BR key again and enter address 0033. This sets the 
fourth break point at the last BNE instruction. 


31. The Trainer will accept only four breakpoints. We have now 
reached this limit. Depress the BR key again in an attempt to enter a 
fifth breakpoint. Notice that the word “FULL!” appears on the 
display. 


32. Depress the RTI key so that the Trainer resumes program execution. 
It should stop at the third breakpoint. 


33. Depress the RTI key again. The program should stop at the fourth 
breakpoint. Notice that the program is again in a loop. On each pass 
through the loop, the program will stop at this fourth breakpoint. 


34. Analyze the operation of the program by examining the pertinent 
registers and memory locations on each pass through the loop. 
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DISCUSSION 


The breakpoint capability of the Trainer can be a powerful aid in writing, 
analyzing and debugging a program. It allows us to stop at four distinct 
points in the program. Here are some tips to remember when using this 
capability: 


1. A maximum of four breakpoints can be used. 


2. These may be entered all at once or during a previous break- 
point pause. 


3. The RESET key erases all breakpoints. 


4. Thecontents of the address at which the breakpoint is set must 
be an op code. 
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Experiment 10 


Subroutines 


OBJECTIVES: 
To demonstrate the use of subroutines. 


To demonstrate that the monitor program of the ET-3400 
Trainer contains some useful subroutines that can be called 
when needed. 


To gain experience writing programs. 


INTRODUCTION 


Most of the subroutines that you will develop and use in this experiment 
deal with lighting the displays on the Trainer. For this reason, we will 
begin by discussing how the displays are accessed. 


The ET-3400 Microprocessor Trainer has six hexadecimal displays. Each 
display contains eight light-emitting diodes (LED’s) arranged as shown 
in Figure 72. Each LED is given two addresses. The addresses for the 
left-most display are shown. To light a particular LED, we simply store an 
odd number at the proper address. An odd number is used because the 
LED responds to a 1 in bit 0 of the byte that is stored. To turn an LED off, 
we store an even number at the proper address. The following procedure 
will demonstrate this. 


CI6E 
C166 


C169 

C161 168 
— 

c1sal | °1 [er6¢ 

C162 C164 


a) fe) C16F 
C16B C167 
C163 


C16D 
C165 








Figure 72 
Addresses of the various segments in the 
left LED display. 
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PROCEDURE 


1. Write a program that will halt after storing an odd number (such as 
01) at address C167 jg. 


2. Load the program into the Trainer and execute it using the DO 
command. The microprocessor should halt with the decimal point 


of the left-most display lit. 


a: Notice that the LED remains lit until it is deliberately turned off. 


DISCUSSION 


To form characters, the LED’s in the display must be turned on in combi- 
nation. For example, to form the letter ‘‘A’’, the segments at addresses 
C162, C161, C166, C165, C164, and C160 must be turned on. 


PROCEDURE (Continued) 


4. Write a program that will halt after storing an odd number (such as 
01) at the six addresses listed above. 


5. Load the program into the Trainer and execute it using the DO 


command. The microprocessor should halt with the letter A in the 
left-most display. 


DISCUSSION 


Your program probably took this form: 


LDAA # 01 

STAA C162 
STAA C161 
STAA C166 


WAI 
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While this approach works, the program would have to be rewritten for 
each new character. What is needed is a program that will form many 
characters. One approach is to store characters as 8-bit character bytes. 
Since there are eight LED’s in each display, each bit of the character byte 
can be assigned to a different LED segment. Figure 73A shows how each 
bit in a character byte is assigned to each segment of the display. To light 
a corresponding LED, the proper bit in the character byte must be 1. For 
example, Figure 73B shows the character byte for the letter A. To form 
this letter, all display segments except C163 and C167 must be lit. There- 
fore, a 1 is placed in the character byte at all bits except the two that 
correspond to these addresses. 


C166 


cist] | crss 
Q 


C16 


c1se| [cise 


————" 5 
C163 C167 


A 


dit——f TTT TTT I—ity 
COCCCCES 


Figure 73 
B Assigning the bits of the character byte. 


a CHARACTER BYTE 
(OTNTHTTIOTN TT Ty — CHARACTER By 


The display responds only to bit 0 of the character byte. To make each 
segment bit appear in turn at bit 0, the character byte must be shifted to 
the right. After each shift, the contents of the character byte must be 
stored at the address whose corresponding bit is now at bit 0. The 
procedure is: 

1. Store the contents of the character byte at C160;,. 

2. Shift the character byte to the right. 

3. Store it at C161,,. 

4. Shift it to the right again. 


5. Store it at C162 ,.. 


Etc. 
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A program that will do this is shown in Figure 74. 


HEX HEX MNEMONIC/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load accumulator A immediate 
with the 

character byte. 

Load the index register immediate 
with 

the address. 

of the left display. 

Store the character byte at the 
address indicated by the index 
register. 

Shift the character bit to the right. 
Advance index register to the 
address of the next segment. 
Compare index register with one 
greater 

than the address of the 

last segment. 

If no match occurs branch 

back to here. 

Otherwise, stop. 





Figure 74 
Program for lighting a display. 


PROCEDURE (Continued) 


6. Load the program into the Trainer and verify that you loaded it 
correctly. 


7. Execute the program using the DO command. The left-most digit 
should display the letter A. 


8. The character byte is at address 0001. Change this byte to 47;,. 


9, Execute the program again using the DO command. What letter 
appears in the display? 


10. Change the character byte so that the letter H is displayed. What 
character byte is required? 


11. Change the character byte to 79,.. Execute the program. What 
character is displayed? 
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12. Refer to Figure 75. This figure shows the addresses of the LED’s in 
each of the six displays. You have seen that the left display has an 
address of C16X,,. The X stands for some number between 0 and F, 
depending on which segment of that display we wish to use. The 
next display to the right has an address of C15X,,; etc. 


Ci6X C15X Ci4Xx C13X C12X C11X 








Figure 75 
Addresses of the various display segments. 


13. Now return to the program shown in Figure 74. Addresses 0003 
and 0004 contain the address of the affected display. By changing 
this address, we can move the character to a different display. 
Actually since all display addresses start with C1, we need only 
change the number at address 0004. 


14. Change the byte at 0004 to 50,.. Change the byte at O00B,, to 58. 
Execute the program using the DO command. The character should 
appear in the second display from the left. 


15. Change the byte at 0004 to 10,, and the byte at 000B to 18,,. Execute 
the program using the DO command. The character should appear 
in the right-most display. 


DISCUSSION 


It has probably occurred to you that the monitor program must have a 
subroutine that performs this same function. Fortunately, this subroutine 
is written in such a way that we can use it. It is called OUTCH for OUTput 
CHaracter. It starts at address FE3A,,. We can call this subroutine anytime 
we like by using the JSR instruction. This subroutine assumes that the 
character byte is in accumulator A. 
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PROCEDURE 


16. Load the program shown in Figure 76. Verify that you loaded it 
properly. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 
Load accumulator A immediate 
with the 
character byte for the letter H. 
Jump to subroutine 


OUTCH 


Load ACCA with 
next character byte. 


Display it. 


Load next character. 


Display it. 


Load next character. 


Display it. 


Stop. 





Figure 76 
This program uses the OUTCH sub- 
routine in the monitor program to display 
a message. 


17. Execute the program using the DO command. What message does 
the program write? 


18. Notice that each character is written in a different display. Thus, 
the subroutine OUTCH automatically changes the address to that of 
the next display after each character is written. 


47 
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DISCUSSION 


The monitor program writes several messages of its own. Examples are: 
ACCA, ACCB, CPU UP, and FULL! Thus, the monitor has a subroutine 
that can be used to write messages. It is called OUTSTR for OUTput a 
STRing of characters. Its starting address is at FE52,,. There is a special 
convention for calling this subroutine. The JSR FE52,, instruction must 
be followed immediately by the character bytes that make up the mes- 
sage. Up to six characters can be displayed. The last character must have 
the decimal point lit. After the message is displayed, control is returned 
to the instruction immediately following the last character. 


PROCEDURE (Continued) 


19. Load the program shown in Figure 77 into the Trainer and verify 
that you loaded it properly. 


HEX HEX MNEMONIC/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Jump to the subroutine that 
will display the following message. 


P,. <= Decimal! point must be lit in 
last character. 
Then stop. 





Figure 77 
The OUTSTR subroutine in the monitor is 
used to display a message. 


20. Execute the program using the DO command. What message does it 
display? 


21. Modify the program so that it displays HELLO. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 
BD 





22. 


23. 


24. 


25. 


Cal OUTSTR. 


N 
O. <— Decimal point lit (last 


character). 
Call OUTSTR again. 


G 

O. = Decimal point lit (last 
character). 

Then stop. 


Figure 78 
OUTSTR is called twice. 


The program shown in Figure 78 calls the OUTSTR subroutine 
twice. Load this program into the Trainer. 


Execute it using the DO command. What message is displayed? 
Notice that the second message (GO.) is written to the right of the 
first. Thus, subroutine OUTSTR does not reset the display to the 


left for the second message. 


Rewrite the program so that two blank displays appear between 
NO. and GO. 
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DISCUSSION 


When displaying long messages such as: ‘“HELLO CAN I HELP YOU?”, 
the display must be given no more than six characters at a time. Also, a 
short delay must be placed between the various parts of the message. A 
delay of over one second can be achieved by loading the index register 
with FFFF and decrementing it to 0000. We can write a display sub- 
routine and call it between each part of the message. 


Also, because we are using the same displays over again for each part of 
the message, each new word should start on the left. The subroutine 
called OUTSTR has an alternate entry point at address FD8C,, called 
OUTST]. The calling convention for this subroutine is the same as that for 
OUTSTR. However, each new message starts in the left-most display. 
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26. 


27. 


28. 


29. 


30. 


PROCEDURE (Continued) 


Load the program shown in Figure 79. Verify that you loaded it 
properly. 


Execute the program using the DO command. What message is 
displayed? 


Change the number in address 0030,, to 40,,. 


Execute the program using the DO command. What affect does this 
have? 


Write a program of your own that will display ‘““LOAD 2 IS BAD.” 


DISCUSSION 


The monitor program in the Trainer contains some other useful sub- 
routines. These are outlined in the manual for the ET-3400 Microproces- 
sor Trainer. Two of the most useful are REDIS and OUTBYT. 


OUTBYT is a subroutine that displays the contents of accumulator A as 
two hex digits. Its address is FE20,,. When this subroutine is called for the 
first time, the two left displays are used. If it is called again without being 
reset, the two center displays are used. The third time, the two right 
displays are used. 


The display can be reset to the left by calling the REDIS subroutine. This 
subroutine is located in address FCBC,,. If OUTBYT is called after REDIS 
is called, the two left displays will be used. 
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HEX HEX 
ADDRESS CONTENTS 
BD 


0000 





MNEMONICS/ 
CONTENTS 





COMMENTS 


Call OUTST]. 











FD 
8C 
37 
4F 









OE 
FE 
BD 
00 
2F 
BD 
FD 
8C 















Call Delay Subroutine 














Call OUTST] again. 







77 
76 
00 
BO 
BD 
00 
2F 
BD 
FD 
8C 
37 
4F 
OE 
67 
80 
BD 
00 
2F 
BD 
FD 



















blank 
I. 










Call Delay Subroutine 



















Cal] OUTST] again. 







H 
E 
L 
P 







Cal} Delay Subroutine 















Call OUTST] again. 







3B 
7E 
3E 
00 
80 
BD 
00 
2F 
7E 
00 
00 





















Do it all again. 










FF 
FF 
09 
26 
FD 
39 








» Delay subroutine. 









Figure 79 


This program makes extensive use of the 


subroutine call. 


152 Programming Experiments 


31. 


ICROPROCESSORS 


PROCEDURE (Continued) 


Load the program shown in Figure 80. Verify that you loaded it 
properly. 


HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


Figure 80 
Using the OUTBYT and REDIS 
subroutines. 


32. 


33. 


34. 


35. 


36. 


37. 





Clear accumulator A 


Call OUTBYT 


Call Delay Subroutine 


Increment accumulator A 


Call REDIS 


Do it again. 


-Delay Subroutine. 


Execute the program using the DO command. 
Which digits are used by the display? 


Notice that the JSR instruction at address 0008 calls the subroutine 
that resets the display to the left. 


To illustrate why this is necessary, let's see what happens when 
this important step is omitted. Change the contents of locations 
0008, 0009, and OOO0A to 01. This replaces the JSR instruction with 
three NOPs. 


Execute the program using the DO command. Notice that, without 
calling the REDIS subroutine, the display advances to the right and 
is lost after the third time through the loop. 


Restore the program to its original state. How can the count be 
speeded up? 
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DISCUSSION 


The speed of the count can be varied by changing the contents of address- 
es OOOF and 0010. It probably has occurred to you that the trainer could be 
turned into a digital clock. In the following procedure, you will develop a 
program that will do this. 


PROCEDURE 


38. Write a program that will count seconds from 00 to 99,9. The 
seconds count should be maintained in the two left-most displays. 
It should count as the above program did, but in decimal instead of 
hexadecimal. 


39. If you have problems, remember that the DAA instruction can be 
used to convert the addition of BCD numbers to a BCD sum. How- 
ever, the DAA instruction works only if preceeded immediately by 
an ADDA or ADCA instruction. 


40. Load your program into the Trainer and execute it using the DO 
command. 
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DISCUSSION 


One solution is shown in Figure 81. Carefully study this program. This 
routine counts the seconds in decimal. However in a real digital clock, 
the seconds reset to 00 after 59; rather than after 991. 


There are two one-second delay sub-routines listed in the following 
experiments. You must use the one that matches the clock frequency 
of your ET-3400 Trainer. 


The original trainer has a clock frequency of approximately 500 
kHz. If your Trainer has not been modified, you must use the 
‘Slow Clock One-Second Delay Subroutine.” 


If your Trainer has been modified for use with the Heathkit Mem- 
ory I/O Accessory ETA-3400, it has a clock frequency of 1 MHz. 


In this case, you must use the “Fast Clock One-Second Delay Sub- 
routine.” 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | CONTENTS COMMENTS 
4F 


Clear seconds. 


Call OUTBYT 


Call Delay subroutine 
Increment seconds 
Make it decimal 


Call REDIS 


Do it all again. 


‘ 
Slow Clock 
One-Second 
’Delay Subroutine 
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HEX HEX MNEMONICS/ 
ADDRESS CONTENTS | CONTENTS 


| Fast Clock 
,One-Second 


Delay Subroutine 





*Use either the Fast Clock or the Slow Clock One-Second Delay Subroutine. 


Figure 81 
This routine counts seconds from 00 to 99. 


PROCEDURE (Continued) 


41. Modify your program (or the one in this Experiment) so that it 
displays seconds from 00 to 59 and then returns to 00 and starts 
Over again. 


42. Load your program into the Trainer and execute it using the DO 
command. 


43. Debug your program if necessary until it performs properly. 


DISCUSSION 


One solution is shown in Figure 82. The seconds count is compared 
to 60 each time it is incremented. When it reaches 60, it is reset to 
00. 


The next step is to add a minutes count. This can be done by increment- 
ing a decimal number each time the seconds count “rolls over’ from 
59 to 00. The decimal number is then displayed as minutes. 
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HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
CONTENTS 


ICROPROCESSORS 


Load number for comparison 


Clear seconds. 


Call OUTBYT 


Call Delay Subroutine 


Call REDIS 
Increment seconds. 


Make it decimal 
Time to clear seconds 
Yes. 


No. 


Slow Clock 
One-Second 
Delay Subroutine 


Fast Clock 
, One-Second 
Delay Subroutine 





“Use either the Fast Clock or the Slow Clock One-Second Delay Subroutine. 


Figure 82 


This routine counts seconds from 00 to 59. 
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PROCEDURE (Continued) 


44. Write a program that will display minutes and seconds properly. 
The minutes should be displayed in the two left displays; the 
seconds in the two center displays. Like the seconds, the minutes 
should return to 00 after 59. 


45. Load your program and execute it. 


46. Debug your program as necessary. 


DISCUSSION 


A solution is shown in Figure 83. Your approach may be more 
straightforward, but may require more memory. 


The final step is to include the hours display. 


PROCEDURE (Continued) 


47. Modify your program so that it displays hours, minutes and sec- 
onds. 


48. Load your program and execute it. 
49. Debug your program as necessary. 


A solution is shown in Figure 84. This program evolved over a period 
of time and is extremely compact. It is virtually impossible for a begin- 
ning programmer to write a program this compact on the first try. Your 
program may require substantially more memory, but the important 
thing is: does it work? 


While you can “fine tune” the slow-clock period by changing the num- 
bers in addresses 0004 and 0005, the clock will never be very accurate 
because it is temperature sensitive. The fast clock period is much more 
accurate because the oscillator is crystal controlled. You can fine tune 
it by changing the numbers in addresses 003A and 003B. In a later 
experiment, you will rectify this problem and produce an extremely 
accurate clock. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


0000 
0001 
. 0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
000A 
000B 
o000C 
oo0D 
O00E 
OOOF 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
001A 
001B 
001C 
001D 
001E 
001F 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
002A 
002B 
002C 
002D 
002E 


a 
CE (36) 
Cs (BD) 
00 (00) 
09 (2F) 
26 (32) 
FD (01) 
C6 
60 
oD 
8D 
11 
8D 
OF 
BD 
FC 
BC 
96 
01 
BD 
FE 
20 
96 
00 
BD 
FE 
20 
20 
E4 
A6 
00 
89 
00 
19 
11 
26 
01 
4F 
A7 
00 
08 
07 
88 
01 
06 
39 


5 
LDX# (PSHA) 
C5 (JSR) 
00 (00) 
DEX (2F) 
BNE (PULA) 
FD (NOP) 
LDAB# 
60 
SEC 
BSR 
11 
BSR 
OF 
JSR 
FC 
BC 
LDAA 
01 
JSR 
FE 
20 
LDAA 
00 
JSR 
FE 
20 
BRA 
E4 
LDAA, X 
00 
ADCA# 
00 
DAA 
CBA 
BNE 
01 
CLRA 
STAA, X 
00 
INX 
TPA 
EORA# 
01 
TAP 
RTS 


— cont'd. = 





Reserved for seconds 
Reserved for minutes 


Slow Clock {call Fast Clock 


| One-Second One-Second 


delay. Delay) 


Load number for comparison. 


Set carry bit. 

Branch to subroutine to 
increment seconds. 

Branch to the same subroutine 
to increment minutes. 


Call REDIS 
Load minutes 
Call OUTBYT to 
display minutes. 
Load seconds 


Call OUTBYT to 
display seconds 


Do it all again. 

Load seconds (or minutes) into A. » 
Increment if necessary 

Adjust to decimal 

Time to clear? 


No. 


Yes. 
Store seconds {or minutes) 


Incremen| subroutine 


Complement carry bit 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 





(LDAA#) 
(02) 
(LDX#) 
(F3) 
(80) 


(DEX) i Fast Clock 
(BNE) One-Second 
(FD) Delay Subroutine 
(DECA) 
(BNE) 
({F7) 
(RTS) 


*Numbers in parenthesis are for Fast Clock One-Second Delay only. 


Figure 83 
Routine for displaying minutes and seconds. 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


0000 
0001 
0002 
* 0003 
0004 
0005 
0006 
0007 
0008 
0009 
000A 
000B 
000C 
o0oD 
O00E 


OOOF 
0010 
0011 
0012 


0013 
0014 
0015 
0016 
0017 
0018 
0019 
001A 
001B 
001C 
001D 
OO1E 
001F 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
002A 


002B 
002C 
002D 
002E 
002F 
0030 


0031 
0032 
0033 


0034 
0035 
0036 


te ib 
00 00 
CE (36) | LDX# (PSHA) 
C5 (BD) C5 (JSR) 
00 (00) 00 (00) 
09 (37) DEX (37) 
26 (32) BNE (PULA) 
FD (01) FD (NOP) 
C6 LDAB# 
60 60 
oD SEC 
8D BSR 
11 11 
8D BSR 
OF OF 
C6 |. DAB# 
12 12 
8D BSR 
OB oB 
BD JSR 
FC FC 
BC BC 
8D BSR 
17 17 
8D BSR 
15 ‘to 
8D BSR 
13 13 
20 BRA 
E4 E4 
A6 LDAA. X 
00 00 
89 ADCA# 
00 00 

19 DAA 
11 CBA 
25 BCS 
01 01 
4F CLRA 
AZ STAA. X 
00 00 
08 INX 
07 TPA 
88 EORA# 
01 01 

06 TAP 
39 RTS 
09 DEX 
A6 LDAA, X 
00 00 
7E JSR 
FE FE 
20 20 
39 RTS 


™ cont’d.™ 


Reserved for seconds 
Reserved for minutes 
Reserved for hours 


Slow Clock (Call Fast Clock 
One-Second One-Second 
Delay Delay) 


Minutes and seconds will 
be compared with sixty. 
Prepare to increment seconds 
Go to subroutine that will 
increment seconds. 

Go to same subroutine. It will 
increment 

minutes if necessary. 

Hours will be compared 

with twelve. 

Go to same subroutine. It will 
increment 

hours if necessary. 


Cal] REDIS 


Call] display subroutine to display 
hours. 

Call display subroutine to display 
minutes. 

Call display subroutine to display 
seconds. 

Do it al] again. 


l.oad seconds (or minutes or hours). 
Increment if necessary. 

Adjust to decimal. 

Time to clear? 


No. 
Yes. 
Store seconds (or minutes or hours). 


Point index register at minutes for 
hours). 


Complement carry bit 


Point index register at hours 
{or minutes or seconds} 
load hours for minutes or seconds) 


Display hours for minutes or 
seconds) 


| 
| 


Increment Subtwutinn 


Display Ghnalien’- 
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HEX HEX MNEMONICS/ COMMENTS 
ADDRESS CONTENTS CONTENTS 


(LDAA#) 
(02) 

(LDX#) 
(F3) 
(80). Fast Clock 


(DEX) ,One-Second 
(BNE) Delay Subroutine 
(FD) 
(DECA) 
(BNE) 
(F7} 
(RTS) 


*Numbers in parentheses are for Fast Clock One-Second Delay only. 


Figure 84 
Twelve-hour clock program. 
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Unit 1 Examination 


Number Systems and Codes 


This and the later unit examinations will test your knowledge of the 
important facts in each unit. These exams will show you what you 
have learned and what you need to review. Your instructor has the 
answers. 


To take the exam, read each question completely and select the correct 
answer. Circle the letter (A, B, C, or D) beside the answer that you 
feel is most correct. It is usually a good idea to read the question and 
answer choices twice to be sure you fully understand what is being 
asked. 


1. What is the decimal equivalent for the binary number 11010101? 


A. 106 
B. 185 
C. 213 
D. 426 


2. What is the decimal equivalent for the binary number 0.110110? 


. 0.0185185 
0.140625 
0.54 
0.84375 


VOW> 


3. What is the binary equivalent for the decimal number 105.0625? 


- 1101001.0001 
1010110.0001 
1101001.1001 
1010110.1001 


VOw> 
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What is the binary equivalent for the octal number 752.31? 


A. 100011001.010001 
B. 101100111.001100 
C. 111101010.011001 
D. 111110100.011001 


What is the octal equivalent for the binary number 
1110101011.1111? 


1653.74 
3523.17 
4653.71 
7251.33 


DOB > 


What is the binary equivalent for the hexadecimal number 
A8C.5F? 


A. 100110001010.01011111 
B. 101010001100.01011111 
C. 101010001100.01101111 
D. 101110001101.10101111 


What is the hexadecimal equivalent for the binary number 
1101011010.00101? 


35A.05 
35A.28 
D62.05 
D62.28 


DOW pS 


What is the hexadecimal equivalent for the decimal number 
536.0625 


. 134.01 
178.1 
218.1 
268.01 


DOWD 
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9. Which of the following is considered an alphanumeric code? 


8421 BCD 
Gray 
Binary 
BAUDOT 


SOm> 


10. Which of the following columns contain Gray code? 
DECIMAL A B C D 


0000 0000 0000 0011 
0001 0001 0001 0100 
0011 0010 0010 0101 
0010 0011 0011 0110 
0110 0100 0100 0111 
0111 0101 1011 1000 
0101 0110 1100 1001 
0100 0111 1101 1010 
1100 1000 1110 1011 
1101 1001 1111 1100 


OOnNouUbwondre © 
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Unit 2 Examination 


Microcomputer Basics 


1. In microprocessor terminology, the number or piece of data that is 
operated upon is called the: 


A. Operand. 
B. Opcode. 
C. Address. 
D. Instruction. 
Z; The part of the instruction that tells the microprocessor what opera- 


tion to perform is called the: 


A. Operand. 
B. Opcode. 
C. Address. 
D. Mnemonic. 
3: The portion of the microcomputer in which instructions and data 


are stored is called the: 


A. ALU. 

B. MPU. 

C. RAM. 

D. Data bus. 

4. An 8-bit byte in memory can represent an: 

A. Opcode. 

B. Operand. 

C. Address. 

D. All of the above. 


5. During the fetch phase: 


a 
B 


C. 


The opcode is fetched from memory and is decoded. 

The address of the operand is fetched from memory and is 
decoded. 

The operand is fetched from memory and is operated upon. 
The program count is fetched from memory. 
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6. In what register is the result of an arithmetic operation normally 
placed? 
A. The data register. 


B. 
C. 
D 


The address register. 
The arithmetic logic unit (ALU). 
The accumulator. 


7. During the fetch and execute phases of the “load accumulator 
direct”’ instruction, the information on the data bus will be: 


A. The operand address followed by the operand. 

B. The program count, followed by the opcode, followed by the 
operand address, followed by the operand. 

C. The opcode, followed by the operand address, followed by the 
operand. 

D. The opcode, followed by the operand. 

8. In the immediate addressing mode, the second byte of the instruc- 

tion is the: 

A. Opcode of the instruction. 

B. Number that is to be operated upon. 

C. Address of the operand. 

D. Address of the opcode. 
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9. The program shown in Figure 85 below: 


Adds the contents of memory location 09, OA, and OB. 
Stores 00 in locations 09, OA, OB. 

Stores 09 in location 03, OA in location 05, and OB in location 
07. 

D. Stores OB in the accumulator. 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | CONTENTS 


Oo > 








Figure 85 
Program for Question 13. 
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The program shown in Figure 86: 


DOWD 


Swaps the contents of memory location OD and OE. 
Stores AA,, in locations OD, OE, and OF. 

Stores BB,, in locations OD, OE, and OF. 

Adds AA and BB, storing the sum at location OF. 


HEX HEX 
ADDRESS | CONTENTS | CONTENTS 









Figure 86 
Program for Question 15. 


WCROPROCESSORS_ nt Examination | 173 


Unit 3 Examination 


Computer Arithmetic 


1. Whatis the sum of binary 10010110 and binary 1101? 


10010110 
10011011 
10100011 
10111111 


uOw> 


2. If you subtract binary 1011 from binary 10110110, what is the 
difference? 


10110100 
10101011 
10110001 
10111010 


UNw> 


3. The product of binary 1001 and binary 1100 is: 


1101100 
1101101 
1110011 
1110100 


COWS 


4. Divide binary 100111 with binary 110, and the quotient is: 


110 
110.1 
110.11 
111 


DODD 


5. What is the 2’s complement of binary 00110110? 


00110110 
11001000 
11001001 
11001010 


DOS 
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Using 2’s complement arithmetic, what is the binary and decimal 
sum of decimal +75 and —6? 


A. 11000101 = —69 
B. 11010001 = —81 
C. 01010001 = 81 
D. 01000101 = 69 


Using 2's complement arithmetic, what is the binary and decimal 
difference of decimal — 15 subtracted from — 85. 


11100100 = —100 
01100100 = 100 
10111010 = —70 
01000110 = 70 


oOw> 


If you logically AND binary 11011010 with binary 10010110, the 
output is: 


00100101 
01001100 
11011110 
10010010 


SO > 


If you logically OR binary 11011010 with binary 10010110, the 
output is: 


00100101 
01001100 
11011110 
10010010 


DODD 


If you logically EOR binary 11011010 with binary 10010110, the 
output is: 


00100101 
01001100 
11011110 
10010010 


UOD> 
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Unit 4 Examination 


Introduction to Programming 


1. The BRA instruction will cause a branch to occur: 
A. Anytime that it is executed. 
B. Only if the Z flag is set. 
C. Only if the N flag is set. 
D. Only if the C flag is set. 


2: The address that follows the opcode of an unconditional branch 
instruction is: 


A. The address of the operand. 

The address of the next opcode to be executed. 

C. Added to the program count to form the address of the next 
opcode to be executed. 

D. Added tothe program count to form the address of the operand 
that is to be tested to see if a branch operation is required. 


& 


2: The opcode for an unconditional branch instruction is at address 
AF ,,. The relative address is OF,,. From what address will the next 
opcode be fetched? 


A. AOje. 
B. CO 46. 
CBee. 
D. Bij. 
4. The opcode for an unconditional branch instruction is at address 


30,,. The relative address is EF,,. From what address will the next 
opcode be fetched? 


A. 2146. 
B, Ege: 
C. 3246. 
De ae 
5: The carry register: 


A. Acts like the ninth bit of the accumulator. 

B. Is set when a “borrow” for bit 7 of the accumulator occurs. 
C. Is set when a carry from bit 7 occurs. 

D. All the above. 
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6. The numbers 0101 1000, and 0110 0011, are added using the 
ADD instruction. Immediately after the ADD instruction is exe- 
cuted, the condition code registers will indicate the following: 


A. C=1, N=1, V=1, Z=0. 
B. C=0, N=1, V=1, Z=0. 
C. C=0, N=0, V=1, Z=1. 
D. C=0, N=0, V=1, Z=1. 
7. The divide program shown in Figure 4-16 of the text works only if 


the dividend is initially less than + 1281). The program can be 
modified to work for dividends up to 255,) by replacing the BMI 
instruction with the: 


BEQ instruction. 
BNE instruction. 
BCC instruction. 
BCS instruction. 


UOw> 


8. A binary number can be converted to BCD by repeatedly: 


Dividing by powers of two. 
Subtracting powers of ten. 
Multiplying by powers of two. 
Adding powers of ten. 


DODD 


9. The DAA instruction is used: 


To convert a binary number to BCD. 

To convert a BCD number to binary. 

After an add instruction to adjust the sum to a BCD number. 
After a subtract instruction to adjust the difference to a BCD 
number. 


UOm> 


10. When you are adding multiple-precision binary numbers, all bytes 
except the least significant ones must be: 


A. Added using the ADD instruction. 
B. Added using the DAA instruction. 
C. Added using the ADC instruction. 
D. Decimal adjusted before addition takes place. 
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Unit 5 Examination 


The 6800 Microprocessor — Part 1 


1. Which of the following program segments will not clear both ac- 
cumulators? 
A. CLRA 
CLRB 
B. CLRA 
TAB 
C. CLRB 
TBA 
D. CLRA 
ABA 
2. Which of the following contains an operation that can not be 
performed directly on a byte in memory using a single instruc- 
tion? 
A. Increment, decrement, shift left arithmetically. 
B. Clear, complement, compare. 
C. Rotate left, negate, test for zero. 
D. Shift right logically, rotate right, test for minus. 
3. Which addressing mode is best suited for adding a list of num- 
bers? 
A. Direct. 
B. Extended. 
C. Indexed. 
D. Relative. 
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Which of the following program segments will sucessfully swap 
the contents of accumulators A and B? 


A. TAB C. TAB 
TBA ABA 

B. STAA D. STAA 
10 10 
TBA LDAB 
LDAB 10 
10 TBA 

5. | Which of the following program segments will cause a branch 


if the number in memory location 8310 is odd? 


A. ROR C. RORA 
83 BCS 
10 07 
BCS 
07 D. LDAA 
83 
B. ASL 10 
83 ROLA 
10 BCS 
BCS 07 
07 
6. Examine the following program segment: 
CLRA 
> INCA 
[BNE 
FD 
WAI 


If an MPU cycle is 1 microsecond. how much time elapses from 
the time this segment starts running until the WAI instruction is 
fetched? 


Approximately 8 microseconds. 
Approximately 2050 microseconds. 
Approximately 1538 microseconds. 
Approximately 3 microseconds. 


OOS 
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7. Which of the following instructions can be used to clear the Z 


flag? 

Ac “BEQ 
B. BNE 
C.. NOP 
De TAP 


8. | Which of the following instructions can be used to test the result 
of the subtraction of unsigned binary numbers? 


A. BGE. 
B. BGT. 
C. BCS. 
D. BLT 
9. Examine the following program segment: 

LDX # 

00 

50 

DEX 

[axe 

FD 

WAI 


How many times will] the DEX instruction be executed? 


A. Once 

B. 50,, times. 

C. 65,5364. 

D. Thenumber of times will depend on the contents of memory 


location 0050. 
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HEX MNEMONICS/ 
4F 





Clear Accumulator A, 
70 Test 
00 the 
1E multiplier. 
27 it it is zero Branch to wait. 
07 
7A Otherwise decrement 
00 the 
1E multiplier. 
9B Add the 
1F multiplicand to the product. 
20 Repeat the loop. 
Fa 
3E WAI 
05 Muitiplier 
04 Multiplicand 


Wait. 


Figure 87 
This program multiplies by repeated 
addition. 


NOTE: Refer to the program shown in Figure 87 for questions 10 


through 16 


10. 


oOw> 


What addressing mode does the TST instruction use? 


Immediate 
Direct. 
Extended. 
Indexed. 


11. The BEQ instruction checks to see if the TST instruction set the: 


COW > 


Z flag 
C flag. 
H flag. 
V flag. 


12. The DEC instruction decrements the number in: 


onw> 


Accumulator A. 
Memory location 001E. 
Accumulator B. 

The index register. 
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13. Which instruction is executed immediately after the BRA instruc- 


tion? 
A. WALI 
B. BEQ. 
C. CLRA. 
D. TST. 


14. With the values given for the multiplier and multiplicand, how 
many times will the main program loop be repeated? 


A. Four times. 

B. Five times. 

C. Twenty times. 
D. Twice. 


15. After the program has been executed, memory location 001E will 


contain: 
A. 0546. 
B: D4ye. 
C. 2046. 
D. 00,¢. 


16. After the program has been executed, the product will appear 


in: 

A. Memory location 001E. 
B. Memory location 001F. 
C. Accumulator A, 

D. Accumulator B. 
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HEX MNEMONICS/ COMMENTS 
CONTENTS HEX CONTENTS 
CE LOX # 
00 00 


Figure 88 
Program for Questions 17 through 20. 


NOTE: Refer to Figure 88 for Questions 17 through 20. Analyze the 
program, determine what it does, and fill in appropriate comments. 


17. On the first pass through the main program loop, the LDAA, X 
instruction takes its operand from memory location: 


A. 0005. 
B. 0020. 
C. 0025. 
D. 0014. 
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18. On the first pass, the ADDA, X adds the contents of what memory 
loction to accumulator A? 


A. 0005. 
B. 0030. 
C. 0035. 
D. 0016. 


19. On the second pass through the program loop, the contents of 
memory location: 


A. 0021 are added to the contents of 0031 and the result is stored 
in 0041. 

B. 0026 are added tothe contents of 0036 and the result is stored 
in 0046. 

C. 0025 are added tothe contents of 0035 and the result is stored 
in 0045. 

D. 0020 are added to the contents of 0030 and the result is stored 
in 0040. 


20. How many times is the main program loop repeated? 


A. 104, times. 
B. 05, times. 
C. 30,, times. 
D. 154, times. 
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Unit 6 Examination 


The 6800 Microprocessor — Part 2 


1. Ifthel bitinthe condition code register is set, the MPU will ignore: 
A. The reset signal. 
B. The non-maskable interrupt signal. 
C. The interrupt request signal. 
D. The software interrupt instruction. 


2. Which of the following lists contains instructions that do not 
change the contents of the stack pointer? 

PULA, DES, RTI. 

PSHB, INS, SWI. 

TXS, BSR, LDS. 

JMP, TSX, STS. 


oOw> 


a: Which of the following program segments will successfully swap 
the contents of the two accumulators? 


A. PSHA B. PSHB C.. -PSHA D. PSHB 
TAB TAB TBA LBA 
PULA PULA PULA PULB 


4. The stack pointer is automatically: 
A. Decremented before data is pushed onto the stack. 
B. Incremented before data is pushed onto the stack. 
C. Decremented after data is pushed onto the stack. 
D. Incremented after data is pushed onto the stack. 


5. One difference between the JMP and JSR instruction is: 
A. JMP can use either extended or indexed addressing. 
B. The program count is saved when JSR is executed. 
C. The JSR will be executed even if the interrupt mask is set. 
D. JMP is an unconditional jump. 


6. The last instruction in a subroutine is generally: 
A. A JMP instruction, 
B. AnRTS instruction. 
C. An RTI instruction. 
D. A JSR instruction. 
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In the 6800 MPU, which of the following instructions could be used 
to transfer data from an I/O device to accumulator A? 


A. INPA, 

B. LDAA. 
C. STAA. 
D;. -OUTA. 


Refer to Figures 6-17 and 6-18. Which of the following program 
segments will read in data from the switch bank and, if the number 


is larger than 2A,,, display it on the LED’s? 


A. LDAA B. LDAA C. LDAA 


80 80 80 
00 00 00 
CMPA# SUBA# STAA 
2A 2A 90 
BHI BHI 00 
01 01 
WAI WAI 
STAA STAA 
90 90 
00 00 


D. LDAA 
90 
00 
SUBA# 
2A 
BHI 
01 
WAI 
STA 
80 
00 


Which of the following types of interrupts does not cause data to be 


pushed into the stack? 

A. Software interrupt. 

B. Non-maskable interrupt. 
C. Reset interrupt. 

D. Interrupt request. 


Generally, the last instruction in an interrupt service routine will 


be: 

A. An RTI instruction. 
B. An SWI instruction. 
C. An RTS instruction. 
D. An NMI instruction. 


Appendix A 


DEFINITION OF THE 
EXECUTABLE INSTRUCTIONS 
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A.1 Nomenclature 


The following nomenclature is used in the subsequent definitions. 


(a) Operators 
() = contents of 


<_ = is transferred to 
t = “is pulled from stack” 
1 = “is pushed into stack” 
; = Boolean AND 
© = Boolean (Inclusive) OR 
@® = Exclusive OR 
~ = Boolean NOT 
(b) Registers in the MPU 
ACCA = Accumulator A 
ACCB = Accumulator B 
ACCX = Accumulator ACCA or ACCB 
CC = Condition codes register 
IX = Index register, 16 bits 
IXH = Index register, higher order 8 bits 
IXL = Index register, lower order 8 bits 
PC = Program counter, 16 bits 
PCH = Program counter, higher order 8 bits 
PCL = Program counter, lower order 8 bits 
SP = Stack pointer 
SPH = Stack pointer high 
SPL = Stack pointer low 


(c) Memory and Addressing 


M = A memory location (one byte) 

M +1 = The byte of memory at 0001 plus the address of the memory location indi- 
cated by “M.” 

Rel = Relative address (i.e. the two's complement number stored in the second byte 


of machine code corresponding to a branch instruction). 
(d) Bits O thru 5 of the Condition Codes Register 


C = Carry — borrow bit — 0 
V = Two's complement overflow indicator bit — 1 
Z = Zero indicator bit — 2 
N = Negative indicator bit — 3 
| = Interrupt mask bit — 4 
H = Half carry bit — 5 
(e) Status of Individual Bits BEFORE Execution of an Instruction 

An = Bit n of ACCA (n=7,6,5.,...,0) 

Bn = Bit n of ACCB (n=7,6,5....,0) 

IXHn = Bit n of IXH (n=7,6,5.,...,0) 
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IXLn = Bit n of IXL (n=7,6,5....,0) 
Mn = Bit n of M (n=7,6,5....,0) 
SPHn = Bit n of SPH (n=7,6,5....,0) 


SPLn = Bit n of SPL (n=7,6,5.,...,0) 
xn = Bit n of ACCX (n=7,6,5....,0) 
(f) Status of Individual Bits of the RESULT of Execution of an Instruction 
(i) For 8-bit Results 
Rn = Bit n of the result (n =7,6,5....,0) 
This applies to instructions which provide a result contained in a single byte of 
memory or in an 8-bit register. 
(ii) For 16-bit Results 
RHn = Bit n of the more significant byte of the result 


(n =7,6,5,...,0) 
RLn = Bit n of the less significant byte of the result 
(n =7,6,5.,...,0) 


This applies to instructions which provide a result contained in two consecu- 
tive bytes of memory or in a 16-bit register. 


A.2_ Executable Instructions (definition of) 


Detailed definitions of the 72 executable instructions of the source language are provided on the 
following pages. 
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Add Accumulator B to Accumulator A ABA 
Operation: ACCA <— (ACCA) + (ACCB) 

Description: Adds the contents of ACCB to the contents of ACCA and places the result in 


ACCA. 


Condition Codes: H: Set if there was a carry from bit 3; cleared otherwise. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was two's complement overflow as a result of the operation; 

cleared otherwise. 

C: Set if there was a carry from the most significant bit of the result; cleared 
otherwise. 


SN2S 


Boolean Formulae for Condition Codes: 
H = A3-B3+B3-R3+R3-As 
N = R; 
Z = Ry-Re-Rs-Ra-Rs-Re-R1- Ro 
V = A7’B7-Rr+A7:B7-R7 
C = A7:B7+B7-R7+R7:Az 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 















Coding of First (or only) 
byte of machine code 






Number of 
Execution Time bytes of 


(No. of cycles) machine code | wex. | ocr. | vec. | 
a ee ee ee 











Addressing 
Modes 
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ADC Add with Carry 
Operation: ACCX <— (ACCX) + (M) + (C) 
Description: Adds the contents of the C bit to the sum of the contents of ACCX and M, and 


places the result in ACCX., 


Condition Codes: H_ Set if there was a carry from bit 3; cleared otherwise. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was two's complement overflow as a result of the operation; 

cleared otherwise. 

C: Set if there was a carry from the most significant bit of the result; cleared 
otherwise. 


SsN20 


Boolean Formulae for Condition Codes: 
H = X3:M3+M3°R3+R3°X3 
N = R7 
Z = R7-Re'Rs:Ra-R3"Re- Ri: Ro 
V = X7-M7:R7+X7°M7-R7 
C= X7-M7+Mz7-R7+Rz7-X7 
Addressing Formats: 


See Table A-1 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


(DUAL OPERAND) 
Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 


2 
3 
4 
5 
2 
3 
4 
5 
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Add Without Carry ADD 
Operation: ACCX < (ACCX) + (M) 
Description: Adds the contents of ACCX and the contents of M and places the resultin ACCX. 


Condition Codes: H: Set if there was a carry from bit 3; cleared otherwise. 
Not affected. 


I: 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if there was two’s complement overflow as a result of the operation; 
cleared otherwise. 

C: Set if there was a carry from the most significant bit of the result; cleared 


otherwise. 
Boolean Formulae for Condition Codes: 
H = X3-M3+M3:R3+R3°: X3 
TA acs oe ee 
Z= R7Re-Rs-Ra-Ra-R2:Rr-Ro 
V= X7*Mz-R7+X7°M7°R 
C = X7-M7+M7-R7+R7:X7 
Addressing Formats: 
See Table A-1 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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AND Logical AND 
Operation: ACCX <— (ACCX) - (M) 
Description: Performs logical “AND” between the contents of ACCX and the contents of M and 


places the result in ACCX. (Each bit of ACCX after the operation will be the logical 
“AND” of the corresponding bits of M and of ACCX before the operation.) 


Condition Codes: H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N = R7 
Z= R7-Re-Rs:Ra-R3°Re:Ri-Ro 
V=0 
Addressing Formats: 


See Table A-1 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 





2 
3 
4 
5 
2 
3 
4 
5 
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Arithmetic Shift Left ASL 
Operation: eee 
a ee 
b7 Do 
Description: Shifts all bits of the ACCX or M one place to the left. Bit 0 is loaded with a zero. The 


C bit is loaded from the most significant bit of ACCX or M. 


Condition Codes: H: Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Setif, before the operation, the most significant bit of the ACCX or M was set; 
cleared otherwise. 


Sa 


Boolean Formulae for Condition Codes: 
I Eas 2, ag ag icc ed 
Z = R7-Re-Rs-Ra:R3-Re:Ri-Ro 
V=N@C=I[NCI]OIN-C] 
(the foregoing formula assumes values of N and C after the shift operation) 
C=M, 
Addressing Formats 
See Table A-3 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 

Modes (No. of cycles) machine code | nex. | ocr. | vec. | 


48 110 072 
58 130 088 
78 170 120 
68 150 104 
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ASR Arithmetic Shift Right 
Operation: ee ee 
er ee ee 
b7 bo 
Description: Shifts all bits of ACCX or M one place to the right. Bit 7 is held constant. Bit 0 is 


loaded into the C bit. 


Condition Codes: H: Not affected. 

Not affected. 

Set if the most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Setif, before the operation, the least significant bit of the ACCX or M was set; 
cleared otherwise. 


eS ve 


Boolean Formulae for Condition Codes: 
De tN ch cay aang 
Z= R7 Re Rs: Ra-R3-R2-Ri-Ro 
V=N@C=I(N-CIOIN-C] 
(the foregoing formula assumes values of N and C after the shift operation) 
C = Mo 
Addressing Formats: 
See Table A-3 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code | nex. | ocr. | vec. | 
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BCC 


Branch if Carry Clear 
Operation: PC <— (PC) + 0002 + Rel if (C)=0 
Description: Tests the state of the C bit and causes a branch if C is clear. 
See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 

byte of machine code 
j-nex. | oct | pec. | 
| 2a | one | 036 









Number of 
Execution Time bytes of 
(No. of cycles) machine code 











Addressing 
Modes 
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BCS Branch if Carry Set 
Operation: PC < (PC) + 0002 + Rel if (C)=1 
Description: Tests the state of the C bit and causes a branch if C is set. 


See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 





Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 
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Branch if Equal BEQ 
Operation: PC < (PC) + 0002 + Rel if (Z)=1 
Description: Tests the state of the Z bit and causes a branch if the Z bit is set. 


See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
byte of machine code 
| vex. | oct. | vec. | 
27 | 047 | 030 | 


















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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BGE Branch if Greater than or Equal to Zero 
Operation: PC <— (PC) + 0002 + Rel if (N) @ (V) =0 
i.e. if (ACCX) = (M) 
(Two’s complement numbers) 
Description: Causes a branch if (N is set and V is set) OR (N is clear and V is clear). 


If the BGE instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was greater than or 
equal to the two's complement number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 





Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 
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Branch if Greater than Zero BGT 


Operation: PC <— (PC) + 0002 + Rel if (Z)© [(N) @ (V)] = 0 
i.e. if (ACCX) > (M) 
(two's complement numbers) 
Description: Causes a branch if [ Z is clear ] AND [(N is set and Vis set) OR (N is clear and Vis 
clear)]. 


If the BGT instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was greater than 
the two’s complement number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 









Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Number of 


Coding of First (or only) 
Execution Time bytes of 
(No. of cycles) machine code ex. | ocr. | pec. 










Addressing 
Modes 
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BHI Branch if Higher 
Operation: PC < (PC) + 0002 + Rel if (C) - (Z)=0 
i.e. if (ACCX) > (M) 
(unsigned binary numbers) 
Description: Causes a branch if (C is clear) AND (Z is clear). 


If the BHI instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the 
unsigned binary number represented by the minuend (i.e. ACCX) was greater 
than the unsigned binary number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 





serenox a | An15 


MICROPROCESSORS 


Bit Test BIT 


Operation: (ACCX) - (M) 

Description: Performs the logical “AND” comparison of the contents of ACCX and the contents 
of M and modifies condition codes accordingly. Neither the contents of ACCX or M 
operands are affected. (Each bit of the result of the “AND” would be the logical 
“AND” of the corresponding bits of M and ACCX.) 

Condition Codes: H: Not affected. 

I: Not affected. 
N: Setif the most significant bit of the result of the “AND” would be set; cleared 


otherwise. 
Z: Setifall bits of the result of the “AND” would be cleared; cleared otherwise. 
V: Cleared. 


C: Not affected. 
Boolean Formulae for Condition Codes: 


Get, 
Z = R7-Re-Rs:Ra:-R3:R2°Ri- Ro 
V=0 

Addressing Formats: 


See Table A-1. 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


2 
3 
4 
5 
2 
3 
4 
5 
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BLE Branch if Less than or Equal to Zero 
Operation: PC <— (PC) + 0002 + Rel if (Z)O[(N) @ (V)}=1 
i.e. if (ACCX) < (M) 
(two's complement numbers) 


Description: Causes a branch if [Z is set] OR [(N is set and V is clear) OR (N is clear and V is 
set)]. 


lf the BLE instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was less then or 
equal to the two's complement number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of byte of machine code 
Execution Time bytes of ra 
(No. of cycles) machine code OCT. 
Po | se |e | 
























Addressing 
Modes 
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Branch if Lower or Same BLS 


Operation: PC <— (PC) + 0002 + Rel if (C)O(Z) = 1 
i.e. if (ACCX) =< (M) 
(unsigned binary numbers) 
Description: Causes a branch if (C is set) OR (Z is set). 


If the BLS instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the 
unsigned binary number represented by the minuend (i.e. ACCX) was less than 
or equal to the unsigned binary number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
nex. | ocr | pec. 
| 23 | 04s | 095 


























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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BLT Branch if Less than Zero 


Operation: PC <— (PC) + 0002 + Rel if (N) @ (V) = 1 
i.e. if (ACCX) < (M) 
(two's complement numbers) 
Description: Causes a branch if (N is set and V is clear) OR (N is clear and V is set). 


If the BLT instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was less than the 
two's complement number represented by the subtrahend (i.e. M). 


See BRA instruction for details of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecima'/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 
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Branch if Minus BMI 
Operation: PC<— (PC) + 0002 + Rel if (N) =1 
Description: Tests the state of the N bit and causes a branch if N is set. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 
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BNE Branch if Not Equal 
Operation: PC — (PC) + 0002 + Rel if (Z) = 0 
Description: Tests the state of the Z bit and causes a branch if the Z bit is clear. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
[vex | ocr | ec. 























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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Branch if Plus BPL 
Operation: PC < (PC) + 0002 + Rel if (N) =O 
Description: Tests the state of the N bit and causes a branch if N is clear. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 

byte of machine code 
vex. | oct | vec. | 
| 2a | ose | one | 






















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





ee 
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BRA Branch Always 


Operation: PC — (PC) + 0002 + Rel 


Description: Unconditional branch to the address given by the foregoing formula, in which R is 

the relative address stored as a two's complement number in the second byte of 
machine code corresponding to the branch instruction. 
Note: The source program specifies the destination of any branch instruction by 
its absolute address, either as a numerical value or as a symbol or expression 
which can be numerically evaluated by the assembler. The assembler obtains the 
relative address R from the absolute address and the current value of the program 
counter PC. 


Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 


Modes : (No. of cycles) machine code 
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Branch to Subroutine BSR 
Operation: PC <— (PC) + 0002 

) (PCL) 

SP — (SP) ~ 0001 

| (PCH) 


SP <— (SP) — 0001 
PC <— (PC) + Rel 


Description: The program counter is incremented by 2. The less significant byte of the contents 
of the program counter is pushed into the stack. The stack pointer is then 
decremented (by 1). The more significant byte of the contents of the program 
counter is then pushed into the stack. The stack pointer is again decremented (by 
1). A branch then occurs to the location specified by the program. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 








Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. DEC. | 


REL 8 


BRANCH TO SUBROUTINE EXAMPLE 





Memory Machine Assembler Language 
Location Code (Hex) Label Operator Operand 
A. Before 
PC — $1000 8D BSR CHARLI 
$1001 50 
SP —  §EFFF 
B. After 
PC — $1052 kt CHARLI toe tee te tee 
SP <— $EFFD 
$EFFE 10 


SEFFF 02 
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BVC Branch if Overflow Clear 
Operation: PC <— (PC) + 0002 + Rel if (V) = 0 
Description: Tests the state of the V bit and causes a branch if the V bit is clear. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
nex. | oct. | vec. | 















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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Branch if Overflow Set BVS 
Operation: PC < (PC) + 0002 + Rel if (V) =1 
Description: Tests the state of the V bit and causes a branch if the V bit is set. 


See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 





Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 
eee | 20 | 051 | om | 
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CBA Compare Accumulators 
Operation: (ACCA) — (ACCB) 
Description: Compares the contents of ACCA and the contents of ACCB and sets the condition 


codes, which may be used for arithmetic and logical conditional branches. Both 
Operands are unaffected. 


Condition Codes: H: Not affected. 
1: Not affected. 
N: Set if the most significant bit of the result of the subtraction would be set; 
cleared otherwise. 
Z: Set if all bits of the result of the subtraction would be cleared; cleared 
otherwise. 
V: Set if.the subtraction would cause two's complement overflow; cleared 
otherwise. 
C: Set if the subtraction would require a borrow into the most significant bit of 
the result; clear otherwise. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7-Re-Rs:Ra:R3:Re:Ri-Ro 
V = A7-B7-R7+A7-B7:R7 
C = A7:Br+B7-R7+R7-Az 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Number of 


Coding of First (or only) 
byte of machine code 
Execution Time bytes of oct. | vec. 
(No. of cycles) machine code OcT. 
Pee oa 


























Addressing 
Modes 


INHERENT 
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Clear Carry CLC 


Operation: C bit — 0 
Description: Clears the carry bit in the processor condition codes register. 


Condition Codes: H: Not affected. 
I: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 


C: Cleared 


Boolean Formulae for Condition Codes: 
C=0 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/.decimal): 


Coding of First (or only) 
byte of machine code 
[nex | ocr | vec. 
| oc | or | one | 


























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


INHERENT 
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CLI 


Operation: | bit —0 


ICROPROCESSORS 


Clear Interrupt Mask 


Description: Clears the interrupt mask bit in the processor condition codes register. This 
enables the microprocessor to service an interrupt from a peripheral device if 


Condition Codes: 


H 
I: 
N: 
Zz: 
V 


C: 


Cleared. 


Not affected. 
Not affected. 
Not affected. 
Not affected. 


Boolean Formulae for Condition Codes: 
=0 


signalled by a high state of the “interrupt Request” control input. 
: Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Addressing 


Modes 


Execution Time 
(No. of cycles) 


HERENT | 2 


machine code 


Coding of First (or only) 
byte of machine code 
| oct. | vec. | 
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Clear CLR 
Operation: ACCX <— 00 

or: M — 00 

Description: The contents of ACCX or M are replaced with zeros. 


Condition Codes: H: Not affected. 
Not affected. 


I: 

N: Cleared 

Z: Set 

V: Cleared 

C: Cleared 
Boolean Formulae for Condition Codes: 

N=0 

Z=1 

V=0 

C=0 
Addressing Formats: 


See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code | nex. | oct. | vec. 


4F 
5F 
Te 
6F 
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CLV Clear Two’s Complement Overflow Bit 

Operation: V bit —0 

Description: Clears the two's complement overflow bit in the processor condition codes 
register. 


Not affected. 
Not affected. 
Not affected. 
Not affected. 
Cleared. 

Not affected. 


Boolean Formulae for Condition Codes: 
V=0 


Condition Codes: 


OsSNZ2°2 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
nex. | oct | vec. | 
[on | ow | 010 


























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





INHERENT 


1 
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Compare CM P 


Operation: (ACCX) — (M) 

Description: Compares the contents of ACCX and the contents of M and determines the 
condition codes, which may be used subsequently for controlling conditional 
branching. Both operands are unaffected. 


Condition Codes: H: Not affected. 
1: Not affected. 
N: Set if the most significant bit of the result of the subtraction would be set; 
cleared otherwise. 
Z: Set if all bits of the result of the subtraction would be cleared; cleared 
otherwise. 
V: Set if the subtraction would cause two's complement overflow; cleared 
otherwise. 
C: Carry is set if the absolute value of the contents of memory is larger than the 
absolute value of the accumulator; reset otherwise. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7-Re-Rs-Ra-Rs-Re-Ri -Ro 
V = X7-My:R7+X7°Mz: Rr 
C= X7*M7+Mz7-R7+R7:X7 
Addressing Formats: 
See Table A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


(DUAL OPERAND) 
Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


2 
3 
4 
5 
2 
3 
4 
5 
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COM Complement 
Operation: ACCX — = (ACCX) = FF — (ACCX) 

or: M <— = (M) = FF — (M) 

Description: Replaces the contents of ACCX or M with its one’s complement. (Each bit of the 


contents of ACCX or M is replaced with the complement of that bit.) 


Condition Codes: H: Not affected. 
Not affected. 


N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Set. 
Boolean Formulae for Condition Codes: 
N =R7 
Z = R7-Re-RAs-Ra-R3:R2-Ri-Ro 
V=0 
C=1 


Addressing Formats: 
See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. DEC. 
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Compare Index Register CPX 
Operation: (IXL) — (M+1) 

(IXH) — (M) 
Description: The more significant byte of the contents of the index register is compared with 


the contents of the byte of memory at the address specified by the program. The 
less significant byte of the contents of the index register is compared with the 
contents of the next byte of memory, at one plus the address specified by the 
program. The Z bit is set or reset according to the results of these comparisons, 
and may be used subsequently for conditional branching. 


The N and V bits, though determined by this operation, are not intended for 
conditional branching. 


The C bit is not affected by this operation. 


Condition Codes: H: Not affected. 

!: Not affected. 

N: Set if the most significant bit of the result of the subtraction from the more 
significant byte of the index register would be set; cleared otherwise. 

Z: Set if all bits of the results of both subtractions would be cleared; cleared 
otherwise. 

V: Set if the subtraction from the more significant byte of the index register 
would cause two's complement overflow; cleared otherwise. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


Le (RH7- RHs: RHs: RHa: :*RHs- RHa2- RH: |: RHo)- 
(RL7- RLe- ‘Ris: RL: RL3-RL2-RL1- RLo) 
V = IXH7?- M7: RH +1IXH7- M7:RH7 


Addressing Formats: 
See Table A-5. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of aa ea eee code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


8C 
9C 
BC 
AC 
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DAA 


Operation: 


State of 
C-bit 
before 
DAA 
(Col. 1) 





Decimal Adjust ACCA 


Adds hexadecimal numbers 00, 06, 60, or 66 to ACCA, and may also set 
the carry bit, as indicated in the following table: 


State of 
Upper Initial Lower C-bit 
Half-byte Half-carry to ACCA 
(bits 4-7) H-bit (bits 0-3) DAA 
(Col. 2) (Col.3) (Col. 4) (Col. 6) 


Note: Columns (1) through (4) of the above table represent all possible cases which can result from 
any of the operations ABA, ADD, or ADC, with initial carry either set or clear, applied to two 
binary-coded-decimal operands. The table shows hexadecimal values. 


Description: 


Condition Codes: 


If the contents of ACCA and the state of the carry-borrow bit C and the half-carry bit H are 
all the result of applying any of the operations ABA, ADD, or ADC to binary-coded- 
decimal operands, with or without an initial carry, the DAA operation will function as 
follows. 


Subject to the above condition, the DAA operation will adjust the contents of ACCA and 
the C bit to represent the correct binary-coded-decimal sum and the correct state of the 
Carry. 


H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Not defined. 

C: Set or reset according to the same rule as if the DAA and an immediately 
preceding ABA, ADD, or ADC were replaced by a hypothetical binary- 
coded-decimal addition. 


Boolean Formulae for Condition Codes: 


N = Rr 2 7 seamen 
Z = R7-Re-Rs-Ra-R3*Re-Ri-Ro 
C = See table above. 


1 
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Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
nex. | oct. | vec. | 





















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


werent | 2 | 
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DEC Decrement 
Operation: ACCX <— (ACCX) - 01 
Or: M <~ (M) - 01 
Description: Subtract one from the contents of ACCX or M. 
The N, Z, and V condition codes are set or reset according to the results of this 
operation. 


The C bit is not affected by the operation. 


Condition Codes: H: Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was two’s complement overflow as a result of the operation; 
cleared otherwise. Two's complement overflow occurs if and only if (ACCX) 
or (M) was 80 before the operation. 

C: Not affected. 


Boolean Formulae for Condition Codes: 
N = Rr = 2 _ 
= R7-Re-Rs-Rs-Ra-R3-R2:Ri:-Ro 


<N2O0 


Addressing Formats: 
See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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Decrement Stack Pointer DES 
Operation: SP — (SP) — 0001 
Description: Subtract one from the stack pointer. 


Condition Codes: Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 
INHERENT 
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DEX Decrement Index Register 
Operation: IX <— (IX) -— 0001 
Description: Subtract one from the index register. 


Only the Z bit is set or reset according to the result of this operation. 


Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Not affected. 


C: Not affected. 
Boolean Formulae for Condition Codes: ee 
Z = (RH7-RHe:RHs-RH4-RH3 - RH2: RH1- RHo) 


2 


(RL7-Rbe:Rbs-Rls-Rb3:Ro2- RL: Lo) 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
vex. | ocr | vec. 

























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


INHERENT 





icposipeaaties oe A-39 


Exclusive OR EOR 
Operation: ACCX <— (ACCX) @(M) 
Description: Perform logical “EXCLUSIVE OR” between the contents of ACCX and the 


contents of M, and place the result in ACCX. (Each bit of ACCX after the operation 
will be the logical “EXCLUSIVE OR” of the corresponding bit of M and ACCX 
before the operation.) 


Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 
Cleared 

Not affected. 


r Condition Codes: 


Condition Codes: 


QOSNZ27Z 


Boolean Formulae f 


oO 
Il 
DD 
GN 


1 Re: Fis-Re Po Fe: Fa Ra 


<NZ 
iil 
oO Di 


Addressing Formats: 
See Table A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 











Coding of First (or only) 
















Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





nr wna & W ND 
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INC Increment 


Operation: ACCX <— (ACCX) + 01 

or: M <—(M) + 01 

Description: Add one to the contents of ACCX or M. 
The N, Z, and V condition codes are set or reset according to the results of this 
operation. 


The C bit is not affected by the operation. 


Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. Two's complement overflow will occur if and only if 
(ACCX) or (M) was 7F before the operation. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


N = R7 

Z = R7-Re‘Rs-Ra- Rs: Re: Ri: Ro 
V = X7:Xe-Xs: Xa: Xa X2°X1 Xo 
C = R7-Re:Rs-Ra-R3- Re: Ri: Ro 


Addressing Formats: 
See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 


4C 114 076 
5C 134 092 
7C 174 124 
6C 154 108 
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increment Stack Pointer INS 
Operation: SP <— (SP) + 0001 
Description: Add one to the stack pointer. 


Condition Codes: Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing 


Execution Time bytes of 
Modes (No. of cycles) machine code OCT. DEC. 


INHERENT 
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INX Increment Index Register 
Operation: IX <— (IX) +:0001 
Description: Add one to the index register. 


Only the Z bit is set or reset according to the result of this operation. 


Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Set if all 16 bits of the result are cleared; cleared otherwise. 
V: Not affected. 


Not affected. 

Boolean Formulae for Condition Codes: gn Des Se Ye seca, 
Z = (RH7:RHe:-RHs:-RH4-RH3: RH2-RH1- RHo)- 

(RL7-RLe6:RLs: Rls: RL3:RL2-RL1- RL) 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
byte of machine code 
nex. | oct | vec. | 
| os | oro | 008 
















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





herent | og | 





mcnopnocessons_ CA A-43 


Jump JMP 


Operation: PC <— numerical address 


Description: A jump occurs to the instruction stored at the numerical address. The numerical 
address is obtained according to the rules for EX Tended or INDexed addressing. 


Condition Codes: Not affected. 
Addressing Formats: 
See Table A-7. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 


Modes (No. of cycles) machine code HEX. | OCT. 


7E 176 126 
6E 156 110 
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PENDIX AC MICROPROCESSORS 
JSR Jump to Subroutine 
Operation: 

Either: PC < (PC) + 0003 (for EXTended addressing) 
or: PC <— (PC) + 0002 (for INDexed addressing) 
Then: L (PCL) 

SP <— (SP) -— 0001 

) (PCH) 


SP <— (SP) — 0001 
PC <— numerical address 


Description: The program counter is incremented by 3 or by 2, depending on the addressing 
mode, and is then pushed onto the stack, eight bits at a time. The stack pointer 
points to the next empty location in the stack. A jump occurs to the instruction 
stored at the numerical address. The numerical address is obtained according to 
the rules for EXTended or INDexed addressing. 


Condition Codes: Not affected. 
Addressing Formats: 
See Table A-7. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of eee of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





BD 275 189 
AD 255 173 


JUMP TO SUBROUTINE EXAMPLE (extended mode) 





Memory Machine Assembler Language 
Location Code (Hex) Label Operator Operand 
A. Before: 
PC ->  $0OFFF BD JSR CHARLI 
$1000 20 
$1001 Tt 
SP — $EFFF 
B. = After: 
PC aay $2077 we CHARLI ee RaRhe 
SP —  $EFFD 
$SEFFE 10 


SEFFF 02 
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Load Accumulator LDA 
Operation: ACCX < (M) 
Description: Loads the contents of memory into the accumulator. The condition codes are set 


according to the data. 


Condition Codes: H: Not affected. 
Not affected. 


I: 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7:Re:Rs-Ra-R3:R2:Ri-Ro 
V=0 
Addressing Formats: 


See Table A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





' 
A-46 | APPENDIX A 


a NRO 


LDS Load Stack Pointer 
Operation: SPH <— (M) 

SPL — (M+1) 
Description: Loads the more significant byte of the stack pointer from the byte of memory at the 


address specified by the program, and loads the less significant byte of the stack 
pointer from the next byte of memory, at one plus the address specified by the 
program. 
Condition Codes: H: Not affected. 
I: Not affected. 
N: Set if the most significant bit of the stack pointer is set by the operation; 
cleared otherwise. 
Z: Set if all bits of the stack pointer are cleared by the operation; cleared 
otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
= RH7 
= (RH7-RHe: RHs:RH.:RH3:RH2:-RH1- RHo)- 
(RL7-RLbe-RLs-RLs-RL3-RL2-RL1-RLo) 
V=0 
Addressing Formats: 


See Table A-5. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. DEC. 


8E 142 
9E 158 
BE 190 
AE 174 
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Load Index Register LDX 
Operation: IXH — (M) 

IXL <— (M+1) 
Description: Loads the more significant byte of the index register from the byte of memory at 


the address specified by the program, and loads the less significant byte of the 
index register from the next byte of memory, at one plus the address specified by 
the program. 


Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the index register is set by the operation; 
cleared otherwise. 

Z: Set if all bits of the index register are cleared by the operation; cleared 
otherwise. 

V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 
a Saag ai oP A ha 
Z = (RH7"RHe:*RHs- RHa: RH3: RH2° RH1: RHo)- 
(RL7-Rbe:RbLs:RbL4a:Rb3:RLe:RL1-RLo) 
V=0 
Addressing Formats: 
See Table A-5. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of | pec. | 
Modes (No. of cycles) machine code OCT. 
CE 


DE 
FE 
EE 
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LSR Logical Shift Right 
Operation: Le 
per ee fl ee 
b7 Do 
Description: Shifts all bits of ACCX or M one place to the right. Bit 7 is loaded with a zero. The C 


bit is loaded from the least significant bit of ACCX or M. 
Condition Codes: H: Not affected. 


I: Not affected. 

N: Cleared. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V:  Setif, after the completion of the shift operation, EITHER (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Setif, before the operation, the least significant bit of the ACCX or M was set; 


cleared otherwise. 
Boolean Formulae for Condition Codes: 


Z= R7-Re-Rs-Ra-Ra-R2-Ri-Ro 
V=N@C=INCIOIN-C] 
(the foregoing formula assumes values of N and C after the shift operation). 
C = Mo 
Addressing Formats: 


See Table A-3. 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of byte Te ee ise code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





104 
124 
164 
144 
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Negate NEG 


Operation: ACCX <— — (ACCX) = 00 — (ACCX) 

or: M <— — (M) = 00 — (M) 

Description: Replaces the contents of ACCX or M with its two's complement. Note that 80 is left 
unchanged. 


Condition Codes: Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there would be two’s complement overflow as a result of the implied 

subtraction from zero; this will occur if and only if the contents of ACCX or M 

is 80. 

C: Set if there would be a borrow in the implied subtraction from zero; the C bit 
will be set in all cases except when the contents of ACCX or M is 00. 


SS os 


Boolean Formulae for Condition Codes: 
N = R7 
Z =R7: Re- Rs: Ra- Rs: Re:Ri-Ro 
V =Rr-Re-Rs:Ra-Ra-Re-Ri-Ro 
C = R7+Re+Rst+Ra+R3s+R2+Ri1+Ro 


Addressing Formats: 
See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of | nex. | | pec. | 


Modes (No. of cycles) machine code 
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NOP No Operation 


Description: This is a single-word instruction which causes only the program counter to 
be incremented. No other registers are affected. 


Condition Codes: Not affected. 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 













Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 


Modes (No. of cycles) machine code | Hex. | oct. | pec. 
werent | 2 | tt Lot | oot | ot | 
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Inclusive OR ORA 
Operation: ACCX <— (ACCX)©(M) 
Description: Perform logical “OR” between the contents of ACCX and the contents of M and 


places the result in ACCX. (Each bit of ACCX after the operation will be the logical 
“OR” of the corresponding bits of M and of ACCX before the operation). 


Condition Codes: H: Not affected. 
Not affected. 


I: 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
Ne 
Z = R7-Re-Rs:Ra:R3-Re-Ri-Ro 
V=0 
Addressing Formats: 


See Table A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of | ocr. | vec. | 
Modes (No. of cycles) machine code OCT. 
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PSH Push Data Onto Stack 
Operation: 1 (ACCX) 

SP <— (SP) — 0001 
Description: The contents of ACC X is stored in the stack at the address contained in the stack 


pointer. The stack pointer is then decremented. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-4. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 



















Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 









1 36 066 
1 37 067 
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Pull Data from Stack PUL 
Operation: SP <— (SP) + 0001 

t ACCX 
Description: The stack pointer is incremented. The ACCX is then loaded from the stack, from 


the address which is contained in the stack pointer. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-4. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
| oct. | pec. 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 





062 
063 
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ROL Rotate Left 


Operation: Se eine ee 


-LLLLLLIT kK 
b7 Do 
Description: Shifts all bits of ACCX or M one place to the left. Bit 0 is loaded from the C bit. The 


C bit is loaded from the most significant bit of ACCX or M. 


Condition Codes: H: Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, ‘after the completion of the operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 

C:  Setif, before the operation, the most significant bit of the ACCX or M was set; 
cleared otherwise. 


Nee 


Boolean Formulae for Condition Codes: 
Ese ahh Ne gee 
Z= R7-Re-Rs- Ra Ra Re: Ri ‘Ro 
V=N@C =([N:C]©[N-C] 
(the foregoing formula assumes values of N and C after the rotation) 
C=Mr 
Addressing Formats: 
See Table A-3 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code | wex. | ocr. | vec. 


49 111 
59 131 
79 171 
69 151 
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Rotate Right ROR 
Operation: SS ae 
TCL Tt I 
b7 Do 
Description: Shifts all bits of ACCX or Mone place to the right. Bit 7 is loaded from the C bit. The 


C bit is loaded from the least significant bit of ACCX or M. 


Condition Codes: H: Not affected. 
Not affected. 
Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 
Set if, after the completion of the operation, EITHER (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Setif, before the operation, the least significant bit of the ACCX or M was set; 
cleared otherwise. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7:Re-Rs:Ra-Ra-R2-Ri-Ro 
V=N@C=I[N-C]O|[N-C] 
(the foregoing formula assumes values of N and C after the rotation) 
C =Mo 
Addressing Formats: 
See Table A-3 


<NZ> 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of | pec. | 
Modes (No. of cycles) machine code OCT. 


46 106 070 
56 126 086 
76 166 118 
66 146 102 
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RTI Return from Interrupt 


Operation: SP <— (SP) + 0001 , TCC 
SP <— (SP) + 0001 , TACCB 
SP <— (SP) + 0001 , [ACCA 
SP <— (SP) + 0001 , TIXH 
SP <— (SP) + 0001, TIXL 
SP <— (SP) + 0001 , TPCH 
SP <— (SP) + 0001 , TPCL 


Description: The condition codes, accumulators B and A, the index register, and the program 
counter, will be restored to a state pulled from the stack. Note that the interrupt 
mask bit will be reset if and only if the corresponding bit stored in the stack is zero. 


Condition Codes: Restored to the states pulled from the stack. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 





Addressing Execution Time bytes of cr. | vec. | 
Modes (No. of cycles) machine code a: 


INHERENT 


Return from Interrupt 


073 


Example 
Memory Machine Assembler Language 
Location Code (Hex) Label Operator Operand 
A. Before 
PC > $D066 3B RTI 
SP —  $EFF8 
$SEFF9 11HINZVC (binary) 
$EFFA 12 
$EFFB 34 
$EFFC 56 
$SEFFD 78 
$EFFE 55 
$EFFF 67 
B. After 
PC aS $5567 t “** eee 
$SEFF8 
$EFF9 11HINZVC (binary) 
$EFFA 12 
$SEFFB 34 
$EFFC 56 
$EFFD 78 
$EFFE 55 
SP —  $EFFF 67 
CC = HINZVC (binary) 
ACCB = 12 (Hex) IXH = 56 (Hex) 


ACCA = 34 (Hex) IXL = 78 (Hex) 
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Return from Subroutine RTS 
Operation: SP < (SP) + 0001 

t PCH 

SP <— (SP) + 0001 

T PCL 
Description: The stack pointer is incremented (by 1). The contents of the byte of memory, at the 


address now contained in the stack pointer, are loaded into the 8 bits of highest 
significance in the program counter. The stack pointer is again incremented (by 
1). The contents of the byte of memory, at the address now contained in the stack 
pointer, are loaded into the 8 bits of lowest significiance in the program counter. 


Condition Codes: Not affected. 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
[nex | ocr. | vec. | 
| 39 | om | os7 | 














Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


werent | os | 


Return from Subroutine 
















EXAMPLE 
Memory Machine Assembler Language 
Location Code (Hex) Label Operator Operand 
A. Before 
PC $30A2 39 RTS 
SP $EFFD 
SEFFE 10 
$SEFFF 02 
B. After 
PC $1002 at wee katie 
$EFFD 
$EFFE 10 


SP SEFFF 02 
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SBA Subtract Accumulators 
Operation: ACCA < (ACCA) — (ACCB) 
Description: Subtracts the contents of ACCB from the contents of ACCA and places the result 


in ACCA. The contents of ACCB are not affected. 


Condition Codes: H: Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was two’s complement overflow as a result of the operation. 
Carry is set if the absolute value of accumulator B plus previous carry is 
larger than the absolute value of accumulator A; reset otherwise. 


OSN275 


Boolean Formulae for Condition Codes: 


Z = Fy-Ro-Fs-F-Fo- Pe Fr Ro 
Vv = A7-Br-R7+Az7-B7:R7 
C = A7'B7+B7:R7+R7:A7 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
ex. | oct. | pec. | 

























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


INHERENT | 2 
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Subtract with Carry SBC 
Operation: ACCX <— (ACCX) — (M) — (C) 
Description: Subtracts the contents of M and C from the contents of ACCX and places the 


result in ACCX. 


Condition Codes: H: Not affected. 

| Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 

C: Carry is set if the absolute value of the contents of memory plus previous 
carry is larger than the absolute value of the accumulator; reset otherwise. 


Boolean Formulae for Condition Codes: 


Zz = R7-Re-Rs-Ra-Ra-Re-Ri-Ro 

V = X7*Mz-R7+X7° M7: Rz 

C = X7-M7+M7-R7+R7: Xz 
Addressing Formats: 


See Tabie A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code HEX. | OCT. 
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SEC Set Carry 
Operation: C bit — 1 
Description: Sets the carry bit in the processor condition codes register. 
Condition Codes: H: Not affected. 

1: Not affected. 

N: Not affected. 

Z: Not affected. 

V: Not affected. 

C: Set. 
Boolean Formulae for Condition Codes: 

C=1 


Addressing Modes, Execution’ Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
| ex. | ocr | pec. | 



























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


INHERENT 





A 
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Set Interrupt Mask 


Operation: | bit <— 1 
Description: Sets the interrupt mask bit in the processor condition codes register. The microp- 
rocessor is inhibited from servicing an interrupt from a peripheral device, and will 
continue with execution of the instructions of the program, until the interrupt mask 


bit has been cleared. 
Not affected. 


Condition Codes: 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
018 


Addressing 


Modes 
INHERENT 


H 
I: 
N: 
Zz: 
V 


C: 


Set. 


Not affected. 
Not affected. 
Not affected. 
Not affected. 


Boolean Formulae for Condition Codes: 
| 


Execution Time 
(No. of cycles) 


machine code 


SEI 
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SEV Set Two's Complement Overflow Bit 
Operation: V bit — 1 
Description: Sets the two's complement overflow bit in the processor condition codes register. 
Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Not affected. 

Vv: Set. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


V=1 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 













Addressing 
Modes 


Execution Time 
(No. of cycles) 


Henenr | 2 






Coding of First (or only) 
byte of machine code 
|wex. | ocr | nec. | 






Number of 
bytes of 
machine code 





A- 
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Store Accumulator STA 

Operation: M =< (ACCX) 

Description: Stores the contents of ACCX in memory. The contents of ACCX remains un- 
changed. 


Condition Codes: H: Not affected. 
I: Not affected. 
N: Set if the most significant bit of the contents of ACCX is set; cleared 
otherwise. 
Z: Set if all bits of the contents of ACCX are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 


Boolean Formulae for Condition Codes: 


N = X7 = 
Z = X7* Xe: Xs" Xa X3°X2° 1° Xo 
V=0 

Addressing Formats: 


See Table A-2. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 
Modes (No. of cycles) machine code OCT. 
97 


B7 
A7 
D7 
Fi. 
E7 
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STS 
i Store Stack Pointer 
Operation: M <— (SPH) 
M + 1 <— (SPL) 
Description: Stores the more significant byte of the stack pointer in memory at the address 


specified by the program, and stores the less significant byte of the stack pointer 
at the next location in memory, at one plus the address specified by the program. 


Condition Codes: H: Not affected. 
Not affected. 


I: 
N: Set if the most significant bit of the stack pointer is set; cleared otherwise. 
Z: Set if all bits of the stack pointer are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N = SPH7 


V=0 
Addressing Formats: 
See Table A-6. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 

Modes (No. of cycles) machine code | nex. | oct. | pec. | 


OF 237 159 
BF 277 191 
AF 257 175 
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Store Index Register STX 
Operation: M < (IXH) 

M + 1 <— (IXL) 
Description: Stores the more significant byte of the index register in memory at the address 


specified by the program, and stores the less significant byte of the index register 
at the next location in memory, at one plus the address specified by the program. 


Condition Codes: H: Not affected. 
1: Not affected. 
N: Set if the most significant bité of the index register is set; cleared otherwise. 
Z: Set if all bits of the index register are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= = ey 


~ (KL: Le. Ls. KL: Ls: XL: KL - KL) 
V=0 
Addressing Formats: 
See Table A-6. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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S U B Subtract 


Operation: ACCX <— (ACCX) — (M) 
Description: Subtracts the contents of M from the contents of ACCX.and places the result in 
ACCX. 


Condition Codes: H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 
C: Set if the absolute value of the contents of memory are larger than the 
absolute value of the accumulator; reset otherwise. 
Boolean Formulae for Condition Codes: 
N=R, 
Z = R.A, AR, Ry AeA, A 
V = X-MR, +XM,"R; 
C = XM, +M,*R; +R7*X, 


Addressing Formats: 
See Table A-1. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 
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Software Interrupt SWI 

Operation: PC < (PC) + 0001 


1 (PCL) , SP < (SP)-0001 
) (PCH) , SP <— (SP)-0001 
J (IXL) , SP <— (SP)-0001 

1 (IXH) , SP < (SP)-0001 

1 (ACCA) , SP < (SP)-0001 
{ (ACCB) , SP <— (SP)-0001 
1 (CC) , SP <— (SP)-0001 
l<1 

PCH < (n-0005) 

PCL < (n-0004) 

Description: The program counter is incremented (by 1). The program counter, index register, 
and accumulator A and B, are pushed into the stack. The condition codes register 
is then pushed into the stack, with condition codes H, |, N, Z, V, C going 
respectively into bit positions 5 thru 0, and the top two bits (in bit positions 7 and 6) 
are set (to the 1 state). The stack pointer is decremented (by 1) after each byte of 
data is stored in the stack. 


The interrupt mask bit is then set. The program counter is then loaded with the 
address stored in the software interrupt pointer at memory locations (n-5) and 
(n-4), where n is the address corresponding to a high state on all lines of the 
address bus. 


Not affected. 
Set. 

Not affected. 
Not affected. 
Not affected. 
Not affected. 


Boolean Formula for Condition Codes: 
| =1 


Condition Codes: 


OsN2 72 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of ia | 
Modes (No. of cycles) machine code 


INHERENT 
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Software Interrupt 





EXAMPLE 
A. Before: 
CC = HINZVC (binary) 
ACCB = 12 (Hex) IXH = 56 (Hex) 
ACCA = 34 (Hex) IXL = 78 (Hex) 
Memory Machine Assembler Language 
Location Code (Hex) Label Operator Operand 
PC > $5566 3F SWI 
SP — $EFFF 
$FFFA DO 
$FFFB 55 
B. After: 
PC —>  $D055 
SP —  $EFF8 
$EFF9 11HINZVC (binary) 
$EFFA 12 
$EFFB 34 
$EFFC 56 
$EFFD 78 
$SEFFE 55 
$SEFFF 67 


Note: This example assumes that FFFF is the memory location addressed when all lines of the 
address bus go to the high state. 
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Transfer from Accumulator A to Accumulator B TAB 
Operation: ACCB <— (ACCA) 
Description: Moves the contents of ACCA to ACCB. The former contents of ACCB are lost. 


The contents of ACCA are not affected. 
Condition Codes: H: Not affected. 


I: Not affected. 

N:  Setif the most significant bit of the contents of the accumulator is set; cleared 
otherwise. 

Z: Set if all bits of the contents of the accumulator are cleared; cleared other- 
wise. 

V: Cleared. 


C: Not affected. 
Boolean Formulae for Condition Codes: 


N = R7 
Z =R7-Re-Rs-Ra:R3-R2:Ri-Ro 
V=0 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 





Addressing Execution Time bytes of om 
Modes (No. of cycles) machine code OCT. 
IHERENT | 2 
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TAP Transfer from Accumulator A 
to Processor Condition Codes Register 


Operation: CC — (ACCA) 
Bit Positions 


16 3 & 3 2.1 8 
ACCA 


y ’ 
[HTTINTZIVIC] cc 


———- Carry-Borrow 


Overflow 
(Two's Complement) 


Zero 

Negative 
Interrupt Mask 
Half Carry 


Description: Transfers the contents of bit positions 0 thru 5 of accumulator A to the correspond- 
ing bit positions of the processor condition codes register. The contents of 
accumulator A remain unchanged. 


Condition Codes: Setor reset according to the contents of the respective bits 0 thru 5 of accumulator 
A. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
Coding of First (or only) 
byte of machine code 
nex. | ocr | vec. | 





























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


woenent | 2 | a 
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Transfer from Accumulator B to Accumulator A TBA 
Operation: ACCA <— (ACCB) 
Description: Moves the contents of ACCB to ACCA. The former contents of ACCA are lost. 


The contents of ACCB are not affected. 


Condition Codes: H: Not affected. 

Not affected. 

Set if the most significant accumulator bit is set; cleared otherwise. 
Set if all accumulator bits are cleared; cleared otherwise. © 
Cleared. 

Not affected. 


Boolean Formulae for Condition Codes: 

NON ae oh tiger en 
Z = R7:Re-Rs:Ra:R3:Re:-Ri:Ro 
V 


Osh a= 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
| nex. | ocr | vec. | 
a7 | oer | oes | 


















Number of 
bytes of 
machine code 










Execution Time 
(No. of cycles) 


Addressing 
Modes 


INHERENT 











A-72 | APPENDIX A ___MICROPROCESSORS 


TPA Transfer from Processor Condition Codes Register to 
Accumulator A 


Operation: ACCA <— (CC) 


Bit Positions 
7 65 43 2 1 «0 


ACCA 





CC 
Carry-Borrow 





Overflow 
(Two's Complement) 


Zero 

Negative 
Interrupt Mask 
Half Carry 


Description: Transfers the contents of the processor condition codes register to corresponding 
bit positions 0 thru 5 of accumulator A. Bit positions 6 and 7 of accumulator A are 
set (i.e. go to the “1” state). The processor condition codes register remains 
unchanged. 


Condition Codes: Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
byte of machine code 
| nex. | oct. | vec. | 


























Number of 
Addressing Execution Time bytes of 
Modes (No. of cycles) machine code 


INHERENT 
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Test TST 
Operation: (ACCX) — 00 

(M) — 00 
Description: Set condition codes N and Z according to the contents of ACCX or M. 


Condition Codes: H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the contents of ACCX or M is set; cleared 


otherwise. 
Z: Set if all bits of the contents of ACCX or M are cleared; cleared otherwise. 
V: Cleared. 
C: Cleared. 
Boolean Formulae for Condition Codes: 
ON, 2 ease) pret gin ues 
Z = M7-Ms-Ms-Ma:M3-M2-M1:Mo 
V=0 
C=0 
Addressing Formats: 
See Table A-3. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 
Addressing Execution Time bytes of | Hex. | 

Modes (No. of cycles) machine code 
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TSX Transfer from Stack Pointer to Index Register 
Operation: IX <— (SP) + 0001 
Description: Loads the index register with one plus the contents of the stack pointer. The 


contents of the stack pointer remain unchanged. 
Condition Codes: Not affected. 
Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 

Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 


INHERENT 





wcnopnocessons._ enix] A-75 


Transfer From Index Register to Stack Pointer TXS 
Operation: SP < (IX) — 0001 
Description: Loads the stack pointer with the contents of the index register, minus one. 


The contents of the index register remain unchanged. 
Condition Codes: Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Coding of First (or only) 
Number of byte of machine code 


Addressing Execution Time bytes of 


Modes (No. of cycles) machine code 


INHERENT 





A-76 | APPENDIX A 


WAI 


Operation: 


Condition Codes: 
Description: 


Condition Codes: 


eee MICROPROCESSORS 


Wait for Interrupt 


PC < (PC) + 0001 

{ (PCL) , SP < (SP)-0001 
| (PCH) , SP < (SP)-0001 
| (IXL) , SP <— (SP)-0001 

| (IXH) , SP — (SP)-0001 

| (ACCA) , SP <— (SP)-0001 
| (ACCB) , SP <— (SP)-0001 
| (CC) , SP < (SP)-0001 


Not affected. 


The program counter is incremented (by 1). The program counter, index register, 
and accumulators A and B, are pushed into the stack. The condition codes 
register is then pushed into the stack, with condition codes H, I, N, Z, V, C going 
respectively into bit positions 5 thru 0, and the top two bits (in bit positions 7 and 6) 
are set (to the 1 state). The stack pointer is decremented (by 1) after each byte of 
data is stored in the stack. 


Execution of the program is then suspended until an interrupt from a peripheral 
device is signalled, by the interrupt request control input going to a low state. 


When an interrupt is signalled on the interrupt request line, and provided the | bitis 
clear, execution proceeds as follows. The interrupt mask bit is set. The program 
counter is then loaded with the address stored in the internal interrupt pointer at 
memory locations (n-7) and (n-6), where n is the address corresponding to a high 
state on all lines of the address bus. 


H: Not affected. 

|: Not affected until an interrupt request signal is detected on the interrupt 
request control line. When the interrupt request is received the | bitis set and 
further execution takes place, provided the | bit was initially clear. 

Not affected. 

Not affected. 

Not affected. 

Not affected. 


Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 


Addressing 


Modes 


Coding of First (or only) 
Number of byte of machine code 
Execution Time bytes of 
(No. of cycles) machine code 


INHERENT 
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First Operand 
Accumulator A Accumulator B 


CCC A #number CCC B #number 
CCC A #symbol CCC B #symbol 
CCC A #expression CCC B #expression 
CCCA#C CCC B #'C 


CCC A number CCC B number 
CCC A symbol CCC B symbol 
CCC A expression CCC B expression 
CCC AX CCC BX 

CCC ZX CCC BX 

CCC A number,X CCC B number,X 
CCC A symbol,X CCC B symbol,X 
CCC A expression,X CCC B expression,X 





















Addressing Mode of 
Second Operand 
IMMediate 

























DiRect or EXTended 






















INDexed 











Notes: 1. CCC = mnemonic operator of source instruction. 
2. “symbol” may be the special symbol! “*”. 
3. “expression” may contain the special symbol “*”. 


4. space may be omitted before A or B. 


Applicable to the following source instructions: 
ADC ADD AND BIT CMP 
EOR LDA ORA SBC SUB 


“Special symbol indicating program-counter. 


TABLE A-1. Addressing Formats (1) 


te ee ee eee EE AP ESTED 


Addressing Mode of First Operand 
Second Operand Accumulator B 





DiRect or EXTended STA A number STA B number 
STA A symbol STA B symbol 
STA A expression STA B expression 

INDexed STA AX STA BX 
STA A,X STA B .X 
STA A number,X STA B number,X 
STA A symbol,X STA B symbol,X 
STA A expression, X STA B expression,X 

Notes: 1. “symbol” may be the special symbol **’ 
2. “expression” may contain the special symbel ae 


3. Space may be omitted before A or B. 


Applicable to the source instruction: 
STA 


“Special symbol indicating program-counter. 


TABLE A-2. Addressing Formats (2) 


RSTO Lobe 


—___________ MICROPROCESSORS 











Operand or 
Addressing Mode 
Accumulator A CCC A 
Accumulator B CCC B 


EXTended CCC number 


CCC symbol 
INDexed 


CCC expression 
Notes: 1. CCC = mnemonic operator of source instruction. 
2. “symbol” may be the special symbol “*”. 
3. “expression” may contain the special symbol! “*”. 
4. Space may be omitted before A or B. 













CCC ,X 

CCC number,X 
CCC symbol,X 
CCC expression,X 


Applicable to the following source instructions: 


ASL ASR CLR COM DEC _ INC 
LSR NEG ROL ROR TST 


*Special symbol indicating program-counter. 


TABLE A-3. Addressing Formats (3) 














Operand Formats 


CCC A 
CCC B 


Notes: 1. CCC = mnemonic operator of source instruction. 
2. Space may be omitted before A or B. 







Applicable to the following source instructions: 
PSH PUL 


TABLE A-4. Addressing Formats (4) 


APPENDIX A | 









CCC #numbder 
CCC #symbol 
CCC. #expression 
CCC #'C 


CCC number 
CCC symbol 
CCC expression 


CCC X 
CCC ,X 
CCC number,X 
CCC symbol,X 
CCC expression,X 
Notes: 1. CCC = mnemonic operator of source instruction. 

2. “symbol” may be the special symbol “*”. 

3. “expression” may contain the special symbol “*”. 


Addressing Mode 


IMMediate 




















DiRect or EXTended 






INDexed 


Applicable to the following source instructions: 
CPX LDS LDX 
*Special symbol indicating program-counter. 


TABLE A-5. Addressing Formats (5) 





Addressing Mode 


DiRect or EXTended 


CCC number 
CCC symbol 
CCC expression 


CCC X 
CCC ,X 
CCC number,X 
CCC symbol,X 
CCC expression,X 
Notes: 1. CCC = mnemonic operator of source instruction. 

2. “symbol” may be the special symbol “*”. 

3. “expression” may contain the special symbol “*”. 




















INDexed 


Applicable to the following source instructions: 
STS STX 


"Special symbol indicating program-counter. 


TABLE A-6. Addressing Formats (6) 


A-79 
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Addressing Mode Formats 


EXTended CCC number 
CCC symbol 
CCC expression 


INDexed CCC X 
CCC ,X 
CCC number,X 
CCC symbol,X 
CCC expression,X 
Notes: 1. CCC = mnemonic operator of source instruction. 
2. “symbol” may be the special symbol “*”. 
3. “expression” may contain the special symbol “*”. 





Applicable to the following source instructions: 
JMP JSR 


“Special symbol indicating program-counter. 


TABLE A-7. Addressing Formats (7) 





Addressing Mode 


RELative CCC number 
CCC symbol 
CCC expression 
Notes: 1. CCC = mnemonic operator of source instruction. 

2. “symbol” may be the special symbol “*”. 

3. “expression” may contain the special symbol “*”. 









Applicable to the following source instructions: 
BCC BCS BEQ BGE BGT BHI BLE BLS 
BLT BMI BNE BPL BRA BSR BVC BVS 


*Special symbol indicating program-counter. 


TABLE A-8. Addressing Formats (8) 


INDEX 


2 fee crop nocessons 
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A 


Accumulator, 2-15, 5-5 
Addend, 3-4 

Address Register, 2-15 
Address, 2-45 

Addressing Modes, 2-41, 64 
Addressing, Direct, 2-44 
Addressing, Extended, 5-35 
Addressing, Immediate, 2-43 
Addressing, Implied, 2-42 
Addressing, Indexed, 5-37 
Addressing, Inherent, 2-42 
Addressing, Relative, 4-5 
Algorithms, 4-27 
Alphanumeric Codes, 1-46 
AND, 3-33 

Arithmetic Instructions, 5-14 
Arithmetic Logic Unit, 2-14 
ASCII Code, 1-46, 2-7 
Augend, 3-4 


Base, 1-4 

BAUDOT Code, 1-50 
BCD-to-Binary, 4-45 

Binary, 1-9 

Binary Addition, 3-4 

Binary Coded Decimal, 1-40 
Binary Division, 3-12 

Binary Fraction, 1-23 

Binary Integer, 1-23 

Binary Multiplication, 3-9 
Binary Number System, 1-40 
Binary Point, 1-11 

Binary Subtraction, 3-6 
Binary-to-BCD, 4-49 
Binary-to-Decimal, 1-11 
Binary-to-Hexadecimal, 1-34 
Binary-to-Octal, 1-22 

Bit, 2-7 


Boolean Operations, 3-33 
Branch Instructions, 5-24 
Branching, 6-22 
Branching Backward, 4-14 
Branching Forward, 4-12 
Bus, 2-4 

Byte, 2-8 


C 


Carry Register, 4-21 

Cascade Stack, 6-4 

Computer Word, 2-7 

Condition Code Instructions, 5-28 
Condition Code Register, 5-5 
Condition Codes, 4-20 
Conditional Branching, 4-18 
Controller-Sequencer, 2-16 


D 


Data Handling Instructions, 5-16 
Data Register, 2-15 

Data Test Instructions, 5-21 
Decimal Adjust Accumulator, 4-61 
Decimal-to-BCD,1-42 
Decimal-to-Binary, 1-12 
Decimal-to-Hexadecimal, 1-31 
Decimal-to-Octal, 1-19 
Difference, 3-6 

Direct Addressing, 2-44 

Display, 6-27 

Dividend, 3-12 

Division by Subtraction, 4-41 
Divisor, 3-12 


E 
Exclusive OR, 3-36 


Execute Phase, 2-19, 32 
Extended Addressing, 5-35 


I-4 |, 


NDEX ICROPROCESSORS 


ENNIS 


F 


Fetch Phase, 2-19, 27 
Fetch-Execute Sequence, 2-19 
Flowchart, 4-28 

Fractional Numbers, 1-5, 13, 18, 29 


G 


Gray Code, 1-41, 45 


H 


Hexadecimal, 1-27 
Hexadecimal-to-Binary, 1-34 
High Order Byte, 2-9 


Immediate Addressing, 2-43 
Implied Addressing, 2-42 

Index Register Instructions, 5-22 
Index Register, 5-8 

Indexed Addressing, 5-37 
Inherent Addressing, 2-42 

Input, 2-5, 6-25 

Instruction, 2-6 

Instruction Decoder, 2-15 
Instruction Sequence, 2-21 
Instruction Set Summary, 5-45 
Instructions, Arithmetic, 5-14 
Instructions, Branch, 5-24, 6-21 
Instructions, Condition Code, 5-28 
Instructions, Data Handling, 5-16 
Instructions, Data Test, 5-21 
Instructions, Index Register, 5-22 
Instructions, Interrupt Mask, 6-43 
Instructions, Logic, 5-20 
Instructions, Stack Pointer, 5-22 
Instructions, Subroutine, 6-18 
Integer, 1-5 


Interrupt Mask Instructions, 6-43 
Interrupt Request, 6-42 

Interrupt Vectors, 6-36 
Interrupts, 6-35 

Invert, 3-38 

I/O, 2-5, 6-25 

I/O Interrupts, 6-32 

I/O Programming, 6-29 


J 


Jumps, 6-16 


L 


Least Significant Bit, 1-11, 2-9 
Least Significant Digit, 1-6 
LED Display, 6-27 

LIFO, 6-6 

Logic Instructions, 5-20 
Looping, 4-4 

Low Order Byte, 2-9 


M 


Mathematical Symbols, Flowchart, 4-30 
Memory, 2-16 

Memory Map, 6-35 

Memory Stack, 6-7 

Microcomputer, 2-4, 12 
Microprocessor, 2-4, 12 

Minuend, 3-6 

Mnemonic, 2-20 

Most Significant Bit, 1-11, 2-9 

Most Significant Digit, 1-6 

MPU Architecture, 5-4 

MPU Block Diagram, 5-9 

MPU Cycle, 2-44 

MPU Programming Model, 5-6 
Multiple-Precision Arithmetic,4-55 
Multiplicand, 3-9 

Multiplication by Addition, 4-37 
Multiplier, 3-9 


viccoeieeees — umm eee I-5 


N 


Negative Numbers, 3-14 
Negative Powers, 1-5 
Negative Register, 4-20 
Nesting, 6-20 

Non-Maskable Interrupt, 6-38 


O 


Octal, 1-18 
Octal-to-Binary, 1-22 
One’s Complement, 3-15 
Opcode, 2-20 

OR, 3-34 

Output, 2-5, 6-25 
Outside World, 2-5 
Overflow Register, 4-22 


P 


Parity, 1-48 

Port, 2-5 

Positional Notation, 1-4, 9, 18, 27 
Product, 3-9 

Program, 2-6 

Program Counter, 2-15, 5-5 
Program Execution, 2-26 
Programmer, 2-6 
Programming, 4-27 

Pull, 6-6, 9 

Push, 6-5, 8 


Q 


Quotient, 3-12 


R 


Radix, 1-4 

Random Access Memory, 2-18 
Read Only Memory, 2-18 
Read Operation, 2-17 

Relative Addressing, 4-5 
Remainder, 3-12 

Reset, 6-35 

Return From Interrupt, 6-40 


S 


Sign and Magnitude, 3-14 
Signed Numbers, 3-28 
Software Interrupt, 6-44 
Special Binary Codes, 1-45 
Stack Operations, 6-4 

Stack Pointer, 5-8, 6-7 

Stack Pointer Instructions, 5-22 
Stored Program Concept, 2-6 
Straight Line Programs, 4-4 
Subroutine Instructions, 6-18 
Subroutine Nesting, 6-20 
Subroutines, 6-15 
Subtrahend, 3-6 

Sum, 3-5 

Switch Interface, 6-28 
Symbols, Flowchart, 4-28 


T 


Ten’s Complement, 3-25 
Two’s Complement, 3-16, 24, 27, 4-14 


U 


Unconditional Branching, 4-4 


1-6 | INDEX 


ene ROPROCESSORS 


V Z 
Vector Assignments, 6-36 Zero Register, 4-20 
WwW 


Wait For Interrupt, 6-45 
Weighting System, 1-40 
Word, 2-7 

Write Operation, 2-18 
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ACCUMULATOR AND MEMORY 


OPERATIONS 
Add 


Add Acmitrs 
Add with Carry 


And 
Bit Test 


Clear 


Compare 
Compare Acmitrs 


Complement, 1's 


Complement, 2's 
(Negate ) 


Decimal Adjust, A 


Decrement 


Exclusive OR 


Increment 


Load Acmitr 
Or, Inclusive 
Push Oata 
Pull Oata 


Rotate Left 


Rotate Right 


Shitt Left, Arithmetic 


Shift Right, Arithmetic 


Shift Right, Lagic. 


Store Acmitr 
Subtract 


Subract Acmitrs. 
Subtr. with Carey 


Transfer Acenites 


Tast, Zero ar Minus 


MNEMONIC 


PROGRAMMING CARD 
6800/6808 INSTRUCTION SET 


DIRECT 


| _twoex | exw | wen | 
[~ | # [or | ~] + [or] ~] + or] ~] «| op] ~T | 
242/98 | 3 |] 2 [AB] Ss | 2] 6B] 4 














SOOLEAN/ARITHMETIC OPERATION 
(AH register lebots 
refer to contents) 

A+tM7A 

B+mM—>B 

AtBrA 

A+t+M+C7A 

B+M+C7B 

AeM7A 

BeM7>B 

AeoM 

BeM 

00 -M 


Converts Binary Add. of BCD Characters 
into BCD Format 


M-1-M 
A-17A 

8-178 
A®M7A 
BoM—B 

Mt1->-M 

A+1-A 

B+I-B 

MA 

M>B 

A+M7A 
B+M—>B 

A Msp, SP-1 SP 
B +Mgp, SP-1 SP 
SP +1-SP,Msp A 
SP +1—>SP, Msp >B8 
M J 
A 

8 


its one 


c bp > BD 
a 


4 = 


it 
A BS. SLEEEELT <0 


8 gi ~ 


al % 

A Cet -O. 
| b7 bo c 
B) 


| : 


COND. CODE REG. 


@eeeeee7eeevs#seeseseeee3s#s#e#ernvest eH 


@eeeee7neeeeeeces<es#esesvecs@eeeesc#ss3«85§ueeeeen83Heeeessseee_eee2eoesee# 


wee HHH HHO TDTDA HH ee H woe 


oe ee ee ee ee ee wD OD OD 4 eee Bee me te te ee te te te ssl 


oe RR HHH NAMN HH Heme HOw 


apmanrnrnwy"#H#e + 22 O@OOOOOOOOOOOOOO® © © & 2 2 2 2©@OO2 2008 ~ OOO22®H He DR R DBR BDD HHH He 


a eR RH WH HHH HH HO 6 8 BH HH HHH HHH RM Hw 


PDDCOH eH Heenan OOF S SC COE CCC CCE DM OOO VK He DTDDeE Ce eH HHH HO] 













POINTER OPERATIONS MNEMONIC ap eather eee eer bee BOOLEAN/ARITHMETIC OPERATION 


Compare Index Reg 9c (Xq/X_) = (M/M + 1) 
Oecremant Index Reg ee X-1>X 
Oecrement Stack Pntr OES SP -1—>SP 
tacrement Index Reg 1NX X+1>Xx 
increment Steck Potr INS SP+1—>SP 

Load Index Reg Lox M>Xy (M+ 1) Xe 
Load Stack Patr Los MSP, (M+ 1) > SP) 
Store Index Reg STX Xy>M, XM + 1) 
Store Stack Ptr STS SPy > M, SP, > (M+ 1} 
Indx Reg - Stack Pntr Txs X-1-~SP 

Stack Patr > Indx Reg SP+1>X 














































JUMP AND BRANCH 
OPERATIONS 


[ recative] —inoex | 













BRANCH TEST 


Branch Always 3 None 

Branch (f Carry Clear C=0 

Branch If Carry Set C1 

Branch tf = Zero Ze 

Branch If > Zera Né@eVve0 
Branch it > Zero Z+(N3V)20 
Branch If Higher C+Z:0 
Branch lf < Zero Z +(N@V)=1 
Branch If Lower Or Same C+Z*1 
Branch tf < Zero Novel 
Branch IE Minus N=1 

Branch If Not Equal Zero Z=0 

Branch If Overflow Clear v0 

Branch It Overtlow Set vel 

Branch (f Plus N=0 

Branch To Subroutine 
dump See Special Operations 
dump To Subroutine p 
No Operation Advances Prog. Cntr. Onty 
Return From interrupt 
Return From Subroutine 
Software Interrugt 
Wait for tnterrupt 
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See special Operations 


CONDITIONS CODE REGISTER 
OPERATIONS 
Clear Carry cic 





BOOLEAN 15 [4 (3121 1 12 | conorrion cope necistER wore: 
OPERATION peep fee te 


(Bit set if test is true and cleared otherwise} 
© (BV) Test: Result = 100000007 












Clear Interrupt Mask cu @ (Bit) Test Result = 000000007 
Clear Overflow CLV @® {Bit C) Test Decimal value of most significant BCD Character greater than nine? 
Set Carry SEC {Not cleared if previously set.) 
Set laterrupt Mask Sel @ (Bit V) Test: Operand = 10000000 prior to execution? 
Set Overflow SEV ® (Bit V} Test: Operand = 01111114 prior to execution? 
Acmitr A>CCR TAP © (Bit V) Test: Set equal to result of N@C after shift has accursed 
CCR ~+ Acenttr A @ (Bit N)_ Test: Sign bit of most significant (MS) byte of result = 17 
® (Bit V) Test: 2's complement overflow from subtraction of LS bytes? 
® (BitN) Test: Result less than zero? (Bit 15 = 1) 

LEGEND: 00 Byte = Zero; ©@ Ail) Load Condition Code Register trom Stack. (See Specral Operations) 

OP Operation Code (Hexadecimal); H Half carry from bit 3; oO (Bit 1) Set when interrupt occurs. If previously set, a Non Maskable Interrupt is 

~ Number of MPU Cycles; l interrupt mask required so exit-the,wait state: 

8 Number ¢c‘ Program Bytes; N Negative (sign bit) QB (ALL) Set according to the contents of Accumulator A. 

+ Arethmetc Plus; 2 Zera {byte} 

- Arithmetic Minus; v Overtiow, 2's complement 

¢ ~~ Boolean ANO; c Carry from bit 7 
Mgp Contents of memory location R Reset Always 
pointed to be Stack Pointer; $ Set Always 

+ — Bootean Inclusive OR; t Test and set sf true, cleared otherwise 

@ Boolean Exclusive OR; e Not Affected 

M Complement of M; CCA Condition Code Register 

> — Transfer Into; LS Least Significant 

Q Bit = Zero; MS = Most Significant 


